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PREFACE. 



These lessons have been prepared to meet the necessities of 
a very short course of study at the Military Academy in this 
branch of physics, a course so short that it can command for 
study and recitation only about seventy hours from the cadets. 

In selecting the material, I have been guided by the consid- 
eration of what is applicable to the subsequent courses of study 
at the Academy and also of what is essential and most useful 
for the student to know. In the arrangement I have kept in 
view facility of acquirement and thorough understanding, and, 
accordingly, the logical connection of the facts and principles 
set forth. 

In the exposition of the subjiects treated, I have aimed at 
clearness and conciseness, and have omitted detailed descrip- 
tions of investigations and of apparatus as enfirely as is con- 
sistent with the foregoing objects. Most of the experimental 
illustrations described or referred to are such as can be per- 
formed in the lecture-room. 

The most prominent practical applications, resulting from 
principles educed, are given in connection with these principles. 

The first nine chapters of the lessons were prepared two 
years ago, and were used as a text-book during the Academic 
terms of 1887 and 1888. They are here revised and consider- 
ably modified. The last two chapters have been given here- 
tofore only by lecture. 

The contents of this little volume are now the property of 

many writers ; but the authorities on Heat to which I have 

especially referred, besides those named in the body of the text, 
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4 PREFACE. 

are : Everett's edition of Deschanel's Heat, Maxwell's Theory 
of Heat, Stewart's Treatise on Heat, Encyclopaedia Britannica, 
ninth edition, the papers of Prof. Langley and of Sir W. 
Thomson, Clausius on Heat, McCulloch's Mechanical Theory 
of Heat, Holmes on the Steam-Engine, and Ganot's Physics. 

For the last two chapters, relating to meteorology, I am 
mainly indebted to the works pf Prof. Ferrel. The other 
authorities to which I have referred, besides various recent 
scientific periodicals, are the meteorological contributions of 
Prof Loomis, Buchan's Meteorology, Abercromby's Weather, 
Laughton's Physical Geography in Relation to the Prevailing 
Winds, Greely's American Weather, Guizot's Physical Geogra- 
phy, and certain excellent papers on storms, by Prof. Wm. 
Davis, of Harvard College. 

In the preparation of the work I have had valuable sugges- 
tions from my Assistant, Lieut. J. P. Wisser, First Artillery, 
besides laborious assistance in the preparation of manuscript 
and proof. I am indebted to Lieut. E. J. Spencer, of the Engi- 
neer Corps, and to Lieut. G. H. Cameron, Seventh Cavalry, for 
most of the drawings from which the cuts were engraved. 
With three or four exceptions, all the drawings of apparatus 
are from photographs of pieces belonging to the Chemical 
Department of the Academy. For assistance in preparing the 
photographs I owe my thanks to Lieut. M. M. Macomb, Fourth 
Artillery, and to Lieut. H. C. Hodges, Twenty-second Infantry. 



S. E. Tillman. 



Chemical Academy, West Point, N.Y., 

June, 1889. 
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ELEMENTARY LESSONS IN HEAT. 



CHAPTER I. 



THERMOMETRY. 

We are all familiar with the senHation of warniih, and tbo worda 
hot and cold are associated in our minda with difforeot degrei 
warrntb. Seat ia the agent which produces these Beiiaationa, and 
should not be confused with the eensations tbemselvea. jffeat is o, 
form of energy, and probably consists in the energy of motion of Iha 
molecules of bodies. This motion la not of visible parte of mattot', 
but of the molecules, — of parts too small to be observed separately. 

Heat produces in a body a series of different states or conditions 
recognized by our sense of beat, and associated in our minda with 
different degrees of warmth, indicated by the terras hot, warm, cool, 
cold, etc. In science, any one of the states of a body with respect to 
aensible beat is called its temperature, and the words hot, cold, etc., 
in popular use, are the namea of temperatures. Since the state of a 
body may vary continuously from very hot to very cold, there is an 
indefinite number of intermediate states or temperatures. We may 
give names to any number of particular temperatures and indicate 
any other by its relative place among these, By the temperature 
of a body, therefore, ia specified velativelj' how hot it is. 

Heat and Temperature. — It is very oBsentinl in beginning 
this subject to have distinct ideas of Heat, the agent, and Tempera- 
ture, the eft'ect. Without at proeent considering the ultimate nature 
of heat, we may aay that we know it to be a property of matter, a 
form of energy, communicable from one body to another, so lis to 
diminish tbu quantity of heat in one and increase that in the other, 
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and, in addition to the changes of condition in bodies which heat 
produces, and which we call temperatures, it produces other obvious 
changes, as changes of dimensions, and in gases changes of pressure, 
and changes of state of aggregation, as in melting solids or volatiliz- 
ing liquids. 

Temperature has reference to the states or conditions of a body 
as regards sensible heat, these states usually, but not always, varying 
when heat is added to or taken from a body. Two unequal weights 
of the same body may be at the same temperature, but contain 
very unequal quantities of heat, as may also two equal weights of 
different bodies; thus, a pint and a gallon of water at the same 
temperature will contain very different amounts of heat, as will also 
a pound of iron and a pound of mercury. The temperature of a 
body always determines whether, as regards other bodies, heat will 
flow from or to it ; thus, from a small piece of metal at high tem- 
perature, heat will pass to any amount of metal, however large, at 
a lower temperature, though the larger mass might contain a much 
greater quantity of heat. Temperature is one of the effects of heat; 
it is the state of a body with respect to its power of communicating 
heat to other bodies. 

It would probably be more correct to say that temperature de- 
termines whether more heat flows from a body than to it, as all 
bodies are probably giving out and receiving heat, but in unequal 
quantities, depending upon their own temperatures and that of sur- 
rounding bodies. This unequal transfer of heat always takes place 
whenever bodies at unequal temperatures are in communication 
with each other, and continues until an equilibrium of temperature 
is established. If no excess of heat over that received passes from 
one body to another, there will be no change in either, as regards 
heat, and such bodies are said to be at the same temperature. 

Expansion. — Although our sensations give us indications of 
varying temperature, they are not sufficient for the accurate com- 
parison of the states of bodies, all of our sensations being modified 
by subjective causes. This is readily perceived by placing one hand 
in cold and the other in hot water for a little time, then by dipping 
both hands in lukewarm water it will appear warm to one hand 
and cold to the other. Accompanying variations of temperature in 
bodies there are usually other variations in the properties of bodies, 
some of which are abrupt, as the melting of ice and the boiling of 
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ater; other variations are continuous, the most general of which 
the expansion or change of volume wliieh bodies undergo with 
lange of temperature. The volume of most substances, under 
>ecified conditions, increases continuously as the temperature rises, 
ad decrcasoB as the temperature falls, though there are exceptions 
> the rule. This effect of heat on bodies, accompanying ehange 
f temperature, may be illustrated by the following experiments. 

Solids. — Take a ring through which a metal sphere when cold 

ist passes, as in Fig. 1. Heat the sphere, and it will no longer pass 

Fio. 1. Pia. 2. 






irougb the ring: during a rise of temperature its volume has in- 
eased. Lot the sphere he cooled by immersion in water; it will 
rain pass through the ring, its volume decreasing with fall of tem- 
irature. 
Jjiquids. — Let a quantity of liquid contained in a glass bulb with 
narrow nock bo heated (Fig. 2) : the liquid will rise in the neclt. 
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showing an increase of volume. The liquid descends slightly at the 
beginning of the operation, owing to the fact that the bulb is warmed 
and increases in volume before the liquid expands sensibly. When 
the liquid is warmed it expands also, and as it rises in the neck we 
conclude that it expands more than the glass. 

Gases, — Any gas confined in a vessel, as in Fig. 3, may, by the 
application of very little heat, as when the hand is applied to one 
of the bulbs, be made to occupy a sensibly larger volume. 

Thermometer. — This most general effect of heat on bodies — 
the changes of volume accompanying changes of temperature — 
furnishes us with a means of estimating temperatures which de- 
pends upon the properties of matter and is independent of our own 
senses. This means consists in measuring the change of volume in 
a body produced by heat and accepting this change to be the same 
as the change of temperature. Any arrangement for measuring or 
comparing temperatures may be called a thermometer. When such 
an arrangement is at the same temperature as the surrounding 
medium, it of course indicates both its own temperature and that 
of the surrounding medium. Under such conditions, therefore, 
thermometers measure or indicate the temperatures of the sur- 
rounding medium. 

The most common form of thermometer is the mercurial. It 
consists of a capillary glass tube terminating in a bulb or reservoir. 
The bulb and a portion of the tube are filled with mercury. As the 
temperature varies the level of the mercury in the tube will rise or 
fall. These variations in the volume of the mercury measure the 
temperature. 

The principle of the construction of a mercurial thermometer is 
simple, but the construction of an accurate thermometer is a very 
delicate operation. 

The Tube. — It is evident that the tube should be of as uniform 
bore as possible. This may be tested by introducing a short col- 
umn of mercury into the tube and moving it successively forward 
through its length. If these lengths are unequal, the tube is not 
of uniform bore. If these different lengths be marked on the tube 
they will indicate equal volumes, and the tube is thus calibrated. 

Introduction of Mercury. — When a suitable tube is obtained, one 
end is closed and expanded into a bulb, usually by blowing, and the 
other end is drawn out somewhat expanded and left open. The 
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bulb is then cautiously heated, and the open end inaerted into a cup 
of mercury (Fig. 5); the mercury riaea in the tube as the latttir 
cools, replacing the air which waa expanded and driven out by the 
heat. By alternately heating and cooling the bulb, with the instru- 
inent upright (Fig. 4), a considerable portion of tho mercury de- 
Bcends to the bulb. By now boiling the mercury in tbe bulb the 
vapor of mercury drives 
out the air and completely 
fills the tube, and while in 
this condition the open end 
of the tube is plunged into 
the vessel of mercury. As 
the tube cools and the 
■vapor of mercury con- 
denaee, the atmospheric 
pressure causes tho liquid 
mercury to completely fill 
the tube and bulb. The 
thermometer thus filled is 
then heated until so much 
mercuiy is driven out by 
expansion that the re- 
mainder in the tube stands at the point required at common tem- 
peratures. Thin being adjusted, the beat is again applied until 
the moi-eury fills the tube, and while thus filled the tube is closed 
by fusion with a blow-pipe. The retraction of tho mercury in cool- 
ing leaves a vacuum, which is essential to tbe perfection of the 
instrument. 

Reference Points. — We now have an instrument which would 
indicate temperatures, but to make its indications comparable with 
similar instruments we must adopt for all at least two common 
points of reference.' For these points of reference, or standard 
temperatures, it has been agreed to adopt the freezing and boiling 
points of water, or, more correctly, the temperature of a mixture of 
ice and waterunderordinary pressure, and the temperature of steam 
from water boiling under definite pressure. These two phenomena 
are found always to give tho samo temperatures, they are easily re- 
produced and maintained, and are consequently our most important 
temperature references. 

These two points are found by noting the level of the mercury 
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in the tube when subjected to the conditions indicated in Figs. 6 
and 7. In the first case the instrument is surrounded bj melting 
ice contained in a perforated vessel to allow the escape of the water 
produced; in the second case it is sur- 
rounded by steam from boiling water, a ^■°' ''■ 
small manometer tube being used to ebow 
that the pressure of the steam is the Mamo 
as that of the air, or that tbo a 
generated faster than it escapes. 

These two points being marked on the 
tube, it only remains to divide the interval 

Fig. 6. 





between them into equal parts, to indicate degrees. The number 
of these divisions is arbitrary, and they are continued both above 
and below the fixed points. 



Thermometric Scales. — The most common scales are — 

1. The Centigrade. — In which the distance between the fixed 
points 1b divided into 100 equal parts, the melting point of ice being 
at the zero of the scale and the boiling point of water at 100. This 
scale is sometimes called the Celsius scale. 

2. The Fahrenheit. — In which the interval between the freezing 
and boiling points is divided into 180 equal parts, the melting point 
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being at 32 and the boiling point at 212, ho that on this scale the ^^| 


zero point is 32 dogroes below the melting point. 
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3. The Reaumur. — This scale has 80 divisiona 
between the fixed points, the zero being taken 
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espaDBibility of the subBlance used and the capacity of the bulb 
directly and the area of the oross-Bection of the tube inversely. 

The quickness of action depends upon the rapidity with which 
the substance employed in the thermometer comes to an equilibrium 
of temperature with tbe surrounding medium; and this depends 
upon tbe nature of the substance (its conducting power and specific 
heat), nnd requires that the bulb bo small in at least one dimension 
and the glass of the bulb thin. 



Fia. 0. 



Advantages of Mercury. — Mercury is usually chosen for a 
thermometric substance, because of its uniformity of expansion 
within certain limits, and because of tho great 
interval between its freezing point ( — 39° C.) and 
its boiling point (349" C). It is opaque and easily 
seen in tbe tube, it fulfils the conditions of good 
conduction and small specific heat, it does not wet 
or adhere to the glass, and it can be easily obtained 
pure. 

Alcohol Thermometer. — Other liquids may 
he used in thormomcters, and, for temperaturea 
near to and below tbe freezing point of mercury, 
alcohol is often employed because of its very low 
freezing point ( — 130° C). Tbe expansion of alco- 
hol is not so uniform as that of mercury, and, if an 
alcohol thermometer be graduated througliout by 
comparison with a mercurial thermometer, its de- 
grees will be longer as we ascend the scale. 

Maximum and Minimum Thermometers. 

— Besides the temperature at a particular instant, 
it is often desirable to know the highest or lowest 
temperature to which an instrument has been ex- 
posed. Maximum and minimum thermometers are 
used for this purpose, and they are "self-regia- 
tering." 

Six's (Fig. 9) is a common form of such an in- 

^'^ strument in popular use, and is both a maximum 

and a minimum thermometer. It consists of a glass tube bent 

twice upon itself, as shown in the figure. Alcohol fills the bulb 
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and a portion of tlio tube to tlio left; another portion ia occupied 
by a column of mercary, which extends around the lower bend 
and partly up the tube on the right; the remainder of the tube and 
a portion of the bulb D ia occupied by alcohol ; the other portion 
of jD is occupied by air. The mercury column ia in contact with 
the alcohol at both extremitiee, and, when by an elevation of tem- 
perature the alcohol in C expands, it shovcB the mercury column 
before it. The highest points reached in the right and loft limbs 
of the instrument by the ends of tho mercurial column are indi- 
cated by two indieeB, held in place by apringa just strong enough 
to keep them from slipping by thoir own weight. The expansion of 
the air in B causes the mercury coiumn to follow the alcohol during 




contraction. It ia readily seen from the figure that the maximum 
temperature is recorded on the right scale, and the minimum on ihe 
left. Tho indices must in part be composed of iron or steel, so that 
they can be brought to the surface of the mercury by a magnet. The 
alcohol in the left limb of the tube prevents tho index from rustit 
Rutherford's maximum and minimum thermometers are distinct 
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inatrumentfi, though oftoD monnted together, as in Fig. 10, both being 
placed horizontally. The liquid of the miDimum is alcohol, and haa 
immersed in it a small index of glass or enamel. To set the instru- 
iDent it is inclined until the forward end of the index slides to tbo 
end of the liquid column. During the expansion of the liquid the 
index remains stationary, the liquid moving by it ; but during 
contraetion the end of the liquid column does not pass the index 
but pulls it back. The forward end of the index thus marks the 
degree of contraction of the liquid, and hence the minimum tempera- 
ture reached. 

The liquid of the maximum thermometer is mercury, and the 
tube contains an iron or steel in- 
Pio. 12. ^gx outside the mercury. This 

index is pushed before the mer- 
cury during expansion and is 
left behind during contraction. 
The back end of the index marks 
the limit of expansion, and there- 
fore the maximum temperature 
experienced. The instrument is 
set by bringing the index back 
to the mercury, and is usually 
done with a magnet. 

Phillips's Maximum Ther- 
mometer. — In this instrument the 
index is a part of the mercurial 
column itself, separated from the 
main body of the liquid by a 
little air, as shown in Pig. 11. 

Another form of maximum 
thermometer is that of Negretti, 
shown in Fig. 12. The bore ot 
the tube is diminished at a; 
during expansion the mercury ie 
forced through at a, but during 
contraction the part of the col- 
umn past the obstruction does 
not fetum. To sot this instrument the detached column must be 
shaken past the contraction until the bulb is filled and the column 
continuous. 




THERMOMETRF. 

Air Thermometers. — Air or other gas may be used aa 

thevrnometric fluid, and such instruments will measure temperatures 
through a very wide raoge. They m.ay bo constructed, either upon 
the principle that the volume of the gas, at constant proBSui-e, varies 
directly with the temperature, or that, if the volume be kept con- 
Btant, the pressure varies in the same way. Such instrumentB are 
the most accurate of all thermometers, and will be again alluded to. 

Metallic Thermometers. — Tbormometers depending upon the 
expansion of solids by beat have been made. For domestic purposes 
a very convenient thermometer of this kind is now widely used in 
this country. It is made by the " Standard Thermometer Company," 
Peabody, Mass. Its great convenience centres mainly in the large 
dial-faL'e, upon which the temperature is indicated by a pointer. 
Those faces are as much as eight 
inches in diameter, and the tem- 
perature can be observed from a 
distance of fifteen feet. In the 
largest and best forms a ribbon 
three-sixteenths of an inch wide, 
composed of two strips of metal sol- 
dered together (apparently brass 
and steel), is closely wound into a 
cylindrical spiral two inches long 
'and five-eighths of an inch in di- 
ameter. One end of this spiral is 
rigidly attached to a fixed support, 
and the other is made fast to the 
centre of a brass octant, the octant 
itself being mounted on an axis 
passing through the middle point 
of its bisecting radius. The rim of 
the octant is cut into cogs, which 
■work into the teeth of a smaller 
wheel. The axis of the smaller 
wheel projects in front of the dial- 
face and carries the pointer. The 
winding and unwinding of the rib- 
bon, due to contraction and expansion, by this gearing transmit 
motion to the pointer. 



4 




20 ELEMENTARY LESSONS IN HEAT, 

The actuating part of a simpler form made by the same company 
is shown in Fig. 13, in which a is a circular compound metal ribbon 
with one end attached to the semicircular brass hoop b. From the 
ends of this hoop a small cord passes to and several times around 
the axis d, whose back end abuts against the supporting strip g. 
The axis passes through the frame-plate P and through the dial-plate 
in front of it, and its other end carries the pointer. Since the cord 
is so wound that it cannot slip, it is evident that expansion or 
contraction in the ribbon produces rotation in the axis and corre- 
sponding motion in the pointer. Owing to the care exercised in the 
adjustment of these instruments, they compare favorably in accuracy 
with ordinary mercurial thermometers, and are far more convenient. 
Much older forms of metallic thermometers, very similar in principle 
to the above, have long been made, but have not come into general 
use. 

Pyrometers, — Other instruments are also constructed for meas- 
uring very high temperatures, as those of furnaces, and are called 
Pyrometers. Wedgwood's pyrometer acts by the measurement ot 
the contraction in a piece of baked clay when heated. Other 
instruments of this class depend for their action upon the ex- 
pansion of a metal rod (iron, platinum, etc.), contained in an in- 
fusible cylinder, the expansion giving motion to an indicator of 
some kind. 



CHAPTER IL 

DILATION OF BODIES. 

Coefficient of Expansion. — It has been stated as a general 
though not universal law that, when the temperature of a body is 
increased (other conditions being unchanged), its volume is also 
increased, and the reverse. The temperature and volume vary 
simultaneously, and the quantity which expresses the average nu- 
merical relation between the variations of volume for each unit of 
temperature, and the original volume taken at a standard tempera- 
ture, is the mean coefficient of cubical expansion. 

Thus, let a substance, whose volume is v, at a standard temper- 
ature ^, assume a volume v^ at a temperature t^ ; then the change 
of temperature is t^ — f, the corresponding change of volume is 

-J , and the quotient — > = a is the mean coefficient of cubi- 

cal expansion between the temperatures ^^ and t 

The coefficient of cubical expansion of a substance is made 
specific by defining it as the ratio which the increase in unit volume 
bears to the unit of volume when the temperature of the unit is 
raised from 0° C. to 1° C. In other words, if in the equation 

V, — V 

ar= * 



v(t, — t) 

we maket; = l, fj=l°C., and f = 0°C., a becomes the specific co- 
efficient of expansion. If the body is homogeneous and it be raised 
to the same temperature throughout, it is unnecessary to consider 
the unit of volume. 

The coefficient of cubical expansion of any substance at any 
temperature is the ratio which the increase of volume bears to the 
original volume when its temperature is raised one degree. The 
expression for the mean coefficient of expansion between t^ and f, 

a = — ' ^ , becomes the expression for the coefficient of expan- 
sion at temperature t when t^ — f is made equal to unity. 

21 
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If, instead of considering the increments of volume produced by 
heat, we estimate the increase in length or superficial area, the cor- 
responding increments become the coefficients of linear and super- 
ficial expansion, respectively. 

The coefficient of linear expansion at any temperature is the 
ratio which the increment in length of the body bears to the 
original length, when the temperature is raised one degree. As in 
cubical expansion, if no temperature is specified, reference is had to 
the increase in length between 0° and 1° C. 

It will be inferred from the foregoing definitions that the vari- 
ations in the dimensions of bodies are not always exactly propor- 
tional to variations of temperature, and such is found to be the 
case : at high temperatures the coefficients of expansion increase 
slowly as the temperatures rise. 

Solids. — Since the change of dimensions in solids for a change 
of one degree in temperature is very small, the mean coefficient of 
expansion, the specific coefficient, and the coefficient at a particular 
temperature for moderate ranges of temperature, may be taken for 
ordinary considerations to be the same. It is usually the first that 
we determine. Thus, the ratio which the increase of length in a 
bar of metal between 0° and 1** C. boars to the original length at 0** 
is taken as the y^ of the ratio between 0° and 100° C. Supposing l^ 
and ZjQQ to represent the lengths of the rod at 0° and at 100°, respec- 
tively, we have Wziio = lOOa, or a = y^ ^w """ \ the coefficient 

of linear expansion. The coefficient of expansion of solid metals is 
sensibly constant from 0° to 100° C, but above that point it becomes 
irregular. 

Relation between Cubical and Linear Eocpansion, — In general, 
homogeneous uncrystallized bodies expand in such manner that the 
figures at different temperatures are similar, or expand equally in 
all directions. In such cases the cubical expansion for small changes 
of temperature is approximately three times the linear. For, sup- 
pose the body to be divided into any number of cubes, and let v 
represent the volume of a cube whose edge may be taken as unity. 
After expansion the length of an edge will be 1 + ?, and the volume 
will become (1 + ly or 1 + 3Z + 3P + Z*. If I is so small that higher 
powers than the first may be omitted without material error, we have 
the cubical expansion equal to 3Z. If the body does not expand 



DILATION OF BODIES. 

equally in all directions, let a, b, and c denote the expansion of the 
three coaterminoiiH edges at right angles to each other, the volutna 
in expanding will become (1 + a) (1 + ft) (1 + c) or 1 + a + i + e + 
ab -\- ac -\- be -^ abc, and if a. b, and c are very Bmall, aa is usually 
the case with solids, thoir products may be omitted, and the cubical 
expansion, for small changes of temperatures, is in all cases approx- 1 
imately equal to the sum of the expansions of length, breadth, and I 
thickness. 

Force Exerted in Expansion. — The force which is required to 
change the volume of a solid by a certain amount is the same as 
that which the solid would exert during a change of temperature 
Bufficient to produce the same change in its volume. It has been 
calculated that a bar of wrought iron of square cross-section, four 
inches on a aide, would exert a pull of sixteen tons if its enda were 
secured and its temperature should fall 15° F. Consequently, iu 
all structures where metal is largely used, and which are subjected 
to considerable changes of temperature, it is indispensable to make 
provision for these changes of dimension. The force of contracting 
metal is frequently made use of to straighten up walla which have 
settled and inclined. This ia done by securing bars of iron in a 
heated state to the walls so that the force of contraction in coolin 
Is exerted to pull them together. 

The following table gives the amount of linear expansion of the | 
Bolids named in passing from 0° to 100° 0. : 



Plat'"""" -nVr. 

Common white glass xAf. 

Soft iron ,1,. 

Copper j^f. 



The fact that glass and pb 
ables us to fuse a platinum w 
breakage on cooling. 

There are some interesting exceptions to the law that the vol- 
umes of bodies increase with the temperatures, and the statement 
that a body recovers its original volume when it returns to its origi- 
nal temperature is not absolutely correct. The time and manner of 
cooling a body in many cases influence the volume assumed 
fact will be bi-ought out as we proceed. 



num expand so nearly equally t 

1 into a glass tube without iear of d 



: this J 
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Liquids. — Since liquids must be retained in vessels, and since 
the volumes of these vessels change with the temperature, it is evi- 
dent that a change of volume in the liquid is complicated with the 
change in the vessel. The actual change of volume of the liquid, 
independent of variations in the containing vessel, is the real or 
absolute dilation of the liquid ; the apparent dilation is affected by 
the dilation of the vessel. The expansions of liquids are, in general, 
much greater than those of solids, and much less uniform, increasing 
more rapidly as the temperature rises. 

The absolute dilation, between 0° and 100° C, of alcohol, water, 
and mercury, is given in the following table : 

Alcohol expands *. . . . ^. 

Water expands ^. 

Mercury expands ^. 

Mercury. — The rate of expansion of mercury increases as the 
temperature rises. The expansion from 0® to 20° is more than 
double that from 0° to 10°, and that from 0° to 100° is more than 
ten times that to 10° and more than twice that to 50°. The ex- 
pansion of mercury, however, is less variable than that of any other 
substance that is liquid at ordinary temperatures, and the increased 
expansibility between 100° and 200° in the thermometer is nearly 
compensated for by the expansion of the glass. 

Water. — Water exhibits a striking peculiarity in its variations of 
volume during change of temperature, a peculiarity which has most 
important influences. If fresh water be taken at common tempera- 
ture and cooled down, its volume diminishes until the temperature 
falls to about 4° C. After this a further reduction of temperature 
causes expansion, which continues until the freezing point is reached, 
when there is a sudden and violent enlargement. At the tempera- 
ture of 4° C. water is at its maximum density, and increase or re- 
duction of temperature has the same effect upon its volume. 

This peculiarity of water is easily illustrated by an arrange- 
ment which indicates the changes of volume as the temperature 
is changed. A moment's consideration will show that this property 
of water has a most beneficial effect in nature. In cold weather 
bodies of fresh water are cooled at the surface, contraction of vol- 
ume with increased density takes place, the heavier surface water 
descends and the warmer rises to replace it. This circulation con- 
tinues until the entire body of water falls to 4°, after which any 
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further cooling expands the water and the colder water remains at 
the surface. The freezing of the euriace water then further protects 
the remaining mass of water from other reduction of temperature. 

The yradval expansion of water between 4° and 0° must bo dis- 
tinguished from the sudden enlargement in freezing. Many other 
bodies, in common with water, possess this latter property. The 
Budden expansion of water duo to freezing exerts an enormous 
pressure. The bursting of water-pipes by freezing too often illus- 
trates this force. The freezing of the water absorbed by and taken 
into the creviees of rocks is a potent agent of their disintegration. 
The beautiful columnar effect prodntied by the freezing of certain 
damp soils is familiar to all, and is often very destructive to newly- 
sprouted cereals. Iron shells filled with water may be burst by 
subjecting them to cold enough to freeze the water. 

Sea-water has no point of maximum density above its freezing 
point, but contracts as it cools until it solidifies at — 2.6° C. 

Gases. — In gases the coefficient of expansion is much larger 
than in solids or liquids, and much more nearly uniform at different 
temperatures. Let us take «„ to indicate tbe volume of a gas at 
0° C. and i;, the volume at any other temperature t° ; then, if the 
pressure be the same at the two temperatures, the vai-iation of 
Tohime is expressed by the equation 

■which experimental law is called the law of Charles or Gay-Lussao, 
in which a is the mean coefficient of expansion between 0° and t°. 
It has been shown to be practically the same for all temperatures 
■within the range of the mercurial thermometer; it is not only the 
Bame at diiferent temperatures, but is the same for different gases. 
Its value is approximately .00366 or -jtJ^ of tbe volume at 0° C. for 
each degree centigrade, nor is it affected by the elastic force or 
pressure of tbe gas. Although a is thus practically constant for all 
gases, under all pressures, and at all temperatures, it is not abso- 
lutely so, — there are very slight variations in different gases and in 
the same gas at different pressures, tbe greatest deviations being in 
case of gases most easily condensed. For practical purposes the 
formula may he written ; 

L ".=".(> + . -Is)- J 
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It is often desirable to know what a volume of gas at one tem- 
perature will become when its temperature is changed. This is 
readily determined from the application of the above law. If we 
have the volume of a gas at 0^ C. given, the volume at another 
temperature is obtained directly from the formula by substituting 
for Vq, t, and a their values ; if f is below it has the negative sign. 
Thus, required to know what 200 cubic inches of a gas at 0° C. will 
become at 20° C. 

i;, = 200; t = 20; a = ^. 
Hence the volume required, 



..= 200(1+^). 



If the volume of a gas is given at a temperature other than 0** C, 
as for instance at f, and then the volume at another temperature, 
as fj, is desired, we have, first, 

I7n : t? • : 1:1 + - — , 
° * 273 

and also, 

r^ : vti : : 1 : 1 + 2^, 

hence, 

v^ : Vt, : : 273 + f : 273 + t^. 

If the temperatures are given on the Fahrenheit scale, the co- 
efficient of expansion is -^, the volume at 0° F. being the stand- 
ard, and the change of volume will be determined by the following 

relation : 

V, : rti : : 460 + ^ : 460 + 1^. 

Another experimental law is that of Boyle, sometimes designated 
as Marriotte's law, which asserts that the volume of a gas, if the 
temperature remains constant, is inversely proportional to the press- 
ure under which it exists. If the volume is kept constant, the 
pressure will vary in proportion to 1 + atj* and we shall have 

Pq and P^ denoting the pressures at and ty respectively. 

* For, if Boyle's law is rigidly true, and we have a gas whose volume is 
V and pressure P at 0° C, and whose volume is v^ at i9 under pressure P, 
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If all restrictions be removed, we shall have have 

(FPX = (FP),(l + aO, 

(FP)t and (FP)o denoting the products of volume and pressure 
at t^ and 0°, respectively. If we assume this formula to hold for 
all temperatures, it is evident that the first member becomes when, 

in the second member, t = = — :i-rr— : = — 273°. If the laws 

' a .00366 

of Charles and Boyle are rigidly correct for all temperatures, this 

is the point at which a gas would cease to have volume, or cease to 

exert pressure on the walls of the enclosing vessel. 

Air Thermometers. — From what was said in regard to meas- 
uring temperatures by ordinary thermometers, it is evident that 
we really measure the apparent expansion of some liquid in a tube. 
It is obvious that we may make the indications of any number of 
these thermometers, containing different liquids, agree at two fixed 
temperatures, but if the intervals between these fixed points on the 
different instruments be divided into the same number of equal 
parts, and all the instruments be plunged into a bath at intermediate 
temperature, no two, in general, will indicate precisely the same 
temperature, nor would they at temperatures beyond the fixed 
points, for different liquids expand not only by different amounts, 
but by amounts which are not proportional. If all the instruments 
contain the same liquid, and have been carefully made, their indica- 
tions for temperatures between and beyond the fixed points will be 
identical, but as yet we have no reason for assuming that one liquid 
gives more correctly the temperature than any other. 



and we compress it into the original volume at temperature ^°, the pressure 
will be 

V 

but v' is equal to 

r (1 -f at), 
hence, 

p/=/'?(l + a<); 

1? 

that is to say, if the volume is kept constant the pressure varies as 1 -|- a^* 
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In case of permanent gases,* expanding under constant pressure, 
this discordance is much less, so that, if we have a series of ther- 
mometcrs containing permanent gases, and their envelopes are of 
the same material, and they all have a common volume under a 
common pressure at 0°, they will also have a common volume under 
a common pressure at 100°, or at any other temperature. This fact 
would indicate that for measuring temperatures by differences of 
volume gases are superior to liquids. Moreover, the expansion of 
gases is much greater than that of liquids, so that the expansion of 
the containing vessel is much less important than with liquids. 

Absolute Zero of Temperature. — ^Now, if we knew Charles's 
law for increase of volume of a gas to be rigidly true, we should 
have the means of constructing a perfect thermometer. This law 
cannot, however, be proven experimentally without the possession 
of an accurate thermometer, which we are supposed not yet to have. 
With the best mercurial thermometers the laws of Charles and Boyle 
for the more permanent gases are found to be very nearly correct, 
within the limits of these thermometers, and there are additional 
theoretical reasons for supposing them correct. 

Returning to the formulae 

^t = ^0 (1 + «0 and 

in which these laws are expressed, and remembering that a = ^^ 
for each degree of the centigrade scale, we see that, if we make 
t = — 273°, the volume and pressure of the gas (v^ and PJ at that 
temperature vanish. This point is the absolute zero of temperature 
for the air thermometer. 

Absolute Temperatures by the Air Thermometer. — Let 

us suppose ourselves possessed of a tube of uniform bore containing 

* By permanent gases are here meant those which are remote from their 
condensing points, and most nearly in the condition of a *^ perfect gas," or one 
which will exactly fulfil Boyle's law. Molecular theories lead to the conclusion 
that for perfect gases the coefficients of expansion would be equal. Actual 
experiment shows that the more highly rarefied the gases are, the more nearly 
they approach to perfect gases ; and the more they are compressed, and the more 
nearly they approach their condensing points, the more they depart from the 
condition of "perfect gases.'' 
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air or some other permanent gas, which is effectually separated I 
from the external air by a short column of liquid which can move 
freely aloug the bore, and that the boiling and freezing points of 
"water have been determined on this tube. Then let us divide this 
interval between the boiling and freezing points into 100 equal 
parts, and continue the graduation above and below the points of ' 
reference with degrees of the same length, until we reach, in the J 
downward direction, 273 degrees below the freezing point, and 
suppose the bottom of the tube be at this point. This is the 
absolute zero of the scale, and the point of temperature at which 
the volume of the air in the tube (the pressure constant) would 
vanish, or reduce to a point, and the pressure (the volume constant) 
would cease to exist. If we shift the zero of our scale from the ' 
freezing point down to this point, the bottom of the tube, and then 
number the degrees upward it is evident that the freezing point , 
will be at 273° and the boiling point at 373° from the absolute zero. 
These numbers would indicate the absolute temperatures of these 
points on the air thermometer. Practically, absolute temperatureB J 
are all computed by adding 273 to ordinary temperatures by the air I 
thermometer. 1 

It is seen from the above considerations that a thermometer 1 
containing a permanent gas has several claims to superiority over 
the liquid thermometer. As we shall see later, the position of the 
absolute zero and the accuracy of the air thermometer are sub- 
stantiated by the teraporaturo scale depending upon the general laws 
of Thermo-dynamics and independent of the properties of particular 
. substances. 

Convection of Heat in Fluids. — From the action of heat in 
■ dilating bodies it is evident that, if the different parts of a liquid 
or gas are unequally heated, the warmer portions will bo more 1 
expanded and lighter and will rise, while the cooler portions will 
be more dense and will descend, thus establishing convection cur- ^ 
rents. 

The warming of water is thus readily brought about if the ves- , 
Bel containing it be heated at the bottom, for the convection currents 
I juBt described are produced, and a circulation established which may ' 
I be rendered visible by coloring matter, cotton-seed, or other floating I 
L particles placed in the water. The mass of water is thus heated by 
I the different parts alternating in position and coming successively 
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of the warm i 



Dear the source of boat, and by tbe commini 
the cold water. 

Fio. 14. 




Warming Buildings by Hot Water. — Tbie is a useful domet 
tic applicatioD of tbe principle above stated. A common and simpl 
arrangement for warming buildings is shown in Fig. 14. It consist 



of a boiler boated by a furnace fire. Prom the top of the boiler a 1 
pipe, as shown, leads to a reservoir in the upper story of the house, I 
a second pipe leads from this reservoir into another reservoir in the I 
story below, and thence to a third, and finally enters the boiler at ■ 
the bottom, ■ 

The boiler, pipes, and reservoirs are all filled with water except I 
a small space at the top of the upper reservoir, which is left to give I 
room for the expansion of the liquid. When the liquid is heated it I 
is evident that a current will flow upward by the pipe from the top 1 
of the boiler and return by the one at the bottom. The groat specific I 
heat of water, a property which we shall define subsequently, renders I 
beating by this method very regular. I 

On American railways the passenger coaches are frequently ■ 
heated on this same principle, a strong solution of salt being used I 
instead of pure water, which avoids the liability to freezing at the I 
temperature at which it would ordinarily occur. I 

Draught of Chimneys. — The expansion of air by beat pro- I 
duces the upward current in chimneys. The draught will depend I 
mainly upon the height of the chimney and the difference between I 
the temperature inside and outside the chimney. It is because of i 
this latter condition that the diikught is not so good when the fire I 
is first lighted ; it also explains why, if the temperature of the room I 
is kept constant, the draught is better in cold weather than in warm. I 
The location of the chimney in the building would have an impor- I 
tant influence in this respect, as would also the form and area of the I 
cross-section of the chimney. I 

In ordinary chimneys and fireplaces it is desirable that the air I 
which enters the chimney should pass as much as possible through I 
the burning fuel, thus serving the purposes of combustion and being I 
itself raised in temperature. The fii-eplaee should not, then, be too J 
wide nor the opening above the fire too high. The blower facilitates I 
combustion in grate-fires by accomplishing the above desiderata. I 

The custom, first suggested by Bumford, of placing inclined I 
plates at the sides and top of the fireplace is a good one, both to I 
guide the air to the fire and to reflect and radiate the beat into the J 

In an ordinary fireplace (Pig- 15) about seven-eighths of the I 
heat from the burning fuel passes up the chimney, so that it is not I 
an economical means of heating, but, on the other hand, it is the I 



32 



ELEMENTARY LESSONS JN HEAT. 



most healthy, as it produces a constant change of atmosphere in the 
room, thus insuring ventilation, which is not at all accomplished in. 
heating by hot water. 

The waste of heat is greatly reduced when the chimney is cea- 
trally situated, in which case, as the heated gases escape up the 



% 



>-i _ 



shaft they warm the contiguous rooms through which it si 
passes. 

This waste is still further prevented in the so-called ventilating 
fireplaces (Fig. 16), now frequently made, especially on the conti- 
nent of Europe. In these fireplaces the flue of the chimney is not 
formed by a single passage-way left in the wail. The flue and its 
walls form a sort of pipe (the fine iVcquently is a casUtron pipe) 
which passes up within the walls of the building, but separated 
from them by an open space. In this open place and around the 
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flae-Bhaft air &oni the exterior circulates und is warmed bj the I 
heat of the flue-shaft; at suitable points above, this warm air is \ 
admitted into the rooms of the building. 



Heating by Stoves. — Stoves constitute a far more economical I 
means of heating than fireplaces; from eight^tenths to nine-tenths ] 
of the heat produced by tbe fuel can be given out to the rooms by | 
closed stoves, such as are frequently used. The amount of air which I 
passes per hour through these stoves for tbe combustion of anthra- 
cite coal ia not over one-tenth the volume of the space warmed, so 
that the entire air of this space would only change once in ten hours. 
A common chimney and fireplace properly constructed remove ia I 
one hour five times the whole contents of the room it is intended | 
to warm. 

In addition to these disadvantages stoves cause great difierences I 
in the temperatures which prevail at different heights. Stoves of | 
caat-iron, too, at red heat permit the passage of gases, especially f 
hydrogen and carbon monoxide, the latter of which exercises poison- I 
ous effecU on the occupants of the room. Stoves of sheet-iron 
porcelain ire far preferable as regards this defect. 



Warming by Hot Air. — This method of warming also depe: 
upon tbe dilation and rarefaction of air by beat. In this method J 
the external air is led into a chamber heated by a furnace, or it may ] 
be that the air in the chamber is made to pass over pipes heated by i 
water or steam. From this heating chamber conducting channels | 
or pipes load to the apartments to be heated. 

Ventilation. — Mauy of the most successful methods of venti- 
lation depend upon these same principles of rarefaction by heat, the I 
genera] idea being to produce at some point an upward current of 1 
air by heat and then have pure air introduced to take its place. The | 
upward draught should be arranged to carry off tbe foul air and 
produce a complete renovation of the air ofthe space to be ventilated. 
From what has been said it is evident that some of tbe methods of 
heating accomplish a more or leas perfect ventilation, especially the 
open fireplace. In general, however, in workshops and large build- 
ings other special arrangements have to be resorted to. In private 
dweUingB chimneys are very beneficial ventilators, with or without 
fires. In mines this method of ventilating by draught is frequently , 
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adopted. By building fires at the bottom of one or more shafts, 
ascending columns of air are produced, and fresh air is admitted 
at other points and made to circulate through the different compart- 
ments of the mine before it can reach these exit shafts. Yentilation 
is also accomplished by mechanically forcing air through the com- 
partments to be ventilated. 



CHAPTER III. 



CALOEIMETRY. 



As has already been stated, heat produces effects of various 
kinds on bodies ; it usually changes the temperature, generally altera 
the volume and pressure, and aomotiraes changes the state of a body 
from a solid to a liquid, or a liquid to a gas. 

Calorimetry has for its object the measurement of quantities of I 
heat, and any of the measurabJe effects of heat may be used for that [ 
purpose; the most convenient, however, is the alteration of tem- j 
perature produced in a known weight of a given substance by the'j 
communication or abstraction of the beat to be measured. 



Unit of Heat. — In estimating quantity of heat by the change 
of lemperaliiro it produces, the unit of heat, or thermnl unit, is taken 
as the amount of heat necessary to raise a unit mass of water, 
taken at a standard temperature, through one degree centigrade. 
Since the unit of mass is not the same in all countries, the thermal 
unit also varies. In this text tbe pound is taken as the unit of 
mass. 

There is no general agreement as to the standard temperature 
at which the water ia to be taken, but wo shall suppose this standard 
temperature to he 15.6° C, or 60° F. 

Necessary Principles. — The calori metrical mcasuromentB 
most necessary to bo made are those for determining tbe quantitiea 
of heat given off or absorbed by bodies when their temperatures 
change through certain intervals or when they change their states 
of aggregation. We are here concerned with the former. 

1st. Ail that is assumed in these measurements is that, if it 
takes a certain quantity of heat to produce a certain temperature 
effect in a given portion of & homogeneous substance, the same 
amount of heat will produce the same effect in another equal por- 
tion, or that the heat required to raise the temperature of two 



I 
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pounds of a substance through a certain interval is twice as great 
as that required to raise one pound of the same substance through 
the same interval. 

2d. Another principle employed, the truth of which is estab- 
lished by experiment, is that the heat given to a body to cause it to 
pass through a series of states, as regards temperature and volume, 
is the same as that given out by the body in cooling and passing in 
reverse order through the same states. 

We cannot, however, assume that the quantities of heat required 
to raise the temperature of a body through equal intervals are always 
the same, for it may require a different amount of heat to raise the 
temperature of the body from 5"^ to 10° than from 40"^ to 45°. 

Thermal Capacity. — If a quantity, §, of heat be taken from 
or given to a body and produce in it a change of temperature ^°, 

then -^ is called the mean thermal capacity of the body between the 

initial and final temperature. 

From the definition of the unit of heat it is evident that the 
thermal capacity of a quantity of cold water is numerically equal 
to its mass expressed in pounds j and the thermal capacity of any 
other body is numerically equal to the weight of water, in pounds, - 
which would have the same thermal capacity. This quantity of 
water is also called the water equivalent of the body. 

Specific Heat. — In the above expression -^, if the unit of 

If 

mass be taken and t = l, the expression indicates the thermal 
capacity of the unit of mass, or the specific heat of the body. We 
may define the specific heat of a body as the amount of heat, ex- 
pressed in thermal units, which must be transferred to or from a unit 
weight of the body, taken under specific conditions, in order to raise or 
lower its temperature one degree. 

From what precedes it is evident that m pounds of a substance 
in changing its temperature through t degrees will take up or give 
out a quantity of heat equal to mst, where s denotes the mean 
specific heat of the body between the initial and final temperatures. 

Determination of Specific Heat. — By Mixtures, — ^Let us take 
a known weight m of a substance whose specific heat is desired, 
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and heat to a known temperature (, and then mix it with a known 
weight n of water at a lower known temperature f, at or near zero. 
If we suppose that there is no external loss or gain of heat, we 
have a means of determining specific heat, for the heat taken from 
the hot body is given to the water, iind if we let denote the 
common temperature first reached by the mixed liquids, and x the 
required specific heat, we shall have 

ma;(( — (?)==n(fl — f), 
from which X becomes known. 

This method is applicable to the ease of any two bodies at dif- 
ferent temperatures that can be brought to the aame temperature 
by an intei-cbange of heat between themselves only, even though 
literal mixing cannot be aeeorapliehed. Thus a solid may be im- 
mersed in a liquid. Nor is it necessary to use only water: any 
liquid whose specific heat is known may be used. 

This method, though convenient, ia not accurate, for the theo- 
retical conditions assumed cannot be realized, and there must be 
BOrae external loss or gain of heat. 

Method of Melting Ice. — The determination of specific heat by 
this method consists in finding the amount of ice, at the freezing 
point, melted by a known weight of a substance, heated to a known 
temperature. If the amount of heat necessary to convert ice into 
water is known* wo can then find the specific heat of the body 
operated upon. 

Method by Cooling. — Specific heat may also be estimated by com- 
paring the times the bodies occupy in cooling through the same 
number of degrees. 

In ibe following table are given the average specific heats of ' 
the substances named, between 15° C. and 98" C, as determined by 
Begnaiilt : 



Water l.OOSO 

Charcoul 0.2414 

AJuminium 21*8 

Sulphur (native) .... 0.1776 

Iron 1138 

Nickel 0.1088 



Copper 0.0952 

Silver 0-0570 

Tin 0.0582 

Mercury 0,0838 

Platinum 0.0820 

Gold 0.0324 

Lead 0.0314 



In general, the specific heats of solids and liquids increase as the 
temperature rises, and the specific heat of a body in the liquid state 
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is greater than in the solid. With solids there is generally found 
an increase of specific heat with an increase of density. 

Great Specific Heat of Water. — No solid or liquid substance 
(with one exception*) has been found to have as great a specific 
heat as water, and among the gases whose specific heats have been 
determined that of hydrogen alone exceeds that of water. The 
specific heats of ice and steam are about one-half, and that of the 
atmosphere and the solid parts of the earth's crust about one-fourth 
that of water. With the two exceptions named, water, therefore, 
absorbs or emits in its changes of temperature more heat than other 
substances that have been experimented upon. The quantity of 
heat required to raise a pound of water from 0° to 100° C. is suffi- 
cient to raise thirty pounds of mercury through the same interval, 
and would raise one and two-thirds pounds of silver from 0° to the 
fusing point, 1037° C. It will be found that this property of water 
plays an important part in nature and is frequently utilized for 
heating buildings and for other domestic purposes. 

Specific Heat of Gases. — The determination of the specific 
heat in the case of gases is attended with greater difficulty than in 
the case of solids and liquids, both from an experimental and a theo- 
retical point of view. The measurement of the specific heat of a 
gas may be made either at a constant pressure or a Tjonstant volume ; 
the specific heat at a constant pressure is always the greater ; the 
two specific heats are simply connected in the case of perfect gases. 
The experiments of Begnault established the following facts in re- 
gard to gases. 

1st. The specific heat of a given weight of a gas does not vary 
with the temperature or density of the gas. The specific heat of a 
given volume of such gas accordingly varies as its density. 

2d. Equal volumes of the more non-condensible elementary gases 
have the same specific heats, when compared under the same tem- 
perature and pressure. 

The specific heat of carbon dioxide was found to vary with the 
temperature, and only oxygen, hydrogen, and nitrogen conformed 
to the second law. 

* The experiments of DuprS (Phil. Trans. 1869) appear to prove pretty con- 
clusively that the specific heat of a mixture of alcohol and water is greater than 
that of water, until the mixture reaches a strength of 86 per cent, of alcohol. 
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The following table gives the specific heats of the gases named, 
according to Kegnault, pressure being constant and the specific heat 
of water taken as unity ; 

For equal For equal 

Weignts. Volumes. 

Atmospheric air 0.2377 0.2874 

Oxygen. 0.2175 0.2405 

Nitrogen 0.2488 0.2368 

Hydrogen 3.4090 0.2869 

Aqueous vapor 0.4805 0.2989 

Carbon monoxide 0.2450 0.2870 

Carbon dioxide 0.2169 0.8807 

defiant gas 0.4040 0.4106 

•Marsh gas 0.5929 0.3277 

Ammonia gas 0.5084 0.2996 

The volumes of the gases are referred to an equal volume of air, 
the specific heat of the volume of air being referred to an equal 
weight of water. 

The specific heat of a body in a liquid state is generally greater 
than that of the same body in either the solid or the gaseous state. 
The following table shows this relation between the specific heats 
of the substances named in the different states : 



Substance. 


Solid. 


Liquid. 


Gas. 


Specific 
Heat. 


Temperature. 
Between 


Specific 
Heat. 


Temperature. 
Between 


Specific 
Heat. 


Temper- 
ature. 
Above 


Ice .... 
Bromine . 
Tin. . . . 
Lead . . . 
Alcohol . . 
Carbon bi- 
sulphide . 
Ether. . . 


0.5050 
0.0848 
0.0562 
0.0814 


22° and + 32° 

108° and 4° 

32° and 212° 

32° and 212° 


1.0000 
0.1060 
0.0637 
0.0402 
0.5475 

0.2362 
0.5290 


82° and 68° 

10° and 118° 

482° and 662° 

662° and 842° 


0.4806 
0.0566 

0.4584 

0.1669 
0.4797 


212° 



CHAPTEK IV. 

PRODUCTION AND CONDENSATION OP VAPOR. 

Vaporization. — Vaporization is a general terra applied to any 
process by which a liquid is converted into a vapor. When the 
change takes place without visible disturbance of the liquid, it is 
. called evaporation. Under ordinary atmospheric conditions most 
liquids undergo this change. Evaporation does not occur at a 
particular temperature only, but takes place over a wide range of 
temperature. At very low temperatures evaporation is insensible 
for many substances, if it takes place at all. 

Some solids change to the vaporous state without passing through 
the liquid state : in these cases the process is called sublimation. Ice, 
snow, and camphor are examples. 

Vapors and gases are the terms used to designate the aeriform 
bodies into which liquids pass by vaporization. The distinction, 
as the terms are generally employed, is that gases are vapors more 
difficult to condense, and under ordinary conditions are always 
aeriform, while vapors may exist under ordinary conditions as solids 
or liquids. A more exact distinction will appear later. 

Vapors, thus limited, under ordinary conditions have properties 
such that it is necessary to consider them separately from gases. 
The formation of vapors and their elastic force are subjects of much 
importance. 

Maximum Pressure and Density of Vapors in Vacuo. — 

The elastic force of a vapor and other properties may be observed 
in such an arrangement as is shown by Fig. 17. A glass globe is 
connected by a rubber tube with a U-shaped glass tube containing 
mercury, called a manometer. The air is first exhausted from the 
globe and its tube-connection. Of course, the mercury ascends in 
the left and descends in the right branch of the glass tube as the 
exhaustion is pei'fected ; if all the air is taken from the globe, the 
level of the mercury in the two tubes will differ by the height of the 
40 
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barometer column. A little liquid is then admitted into tbe g 
through the atopcock R, which is so arranged as to admit the liquid | 
■without admitting air. 

As eoon as the liquid is passed through the stopcock tlie mer- 
cury in the left branch of the manometer descends, and, as no i 
liquid appears in the gloho, we ' 

conclude that the liquid is im- 
mediately converted into vapor, 
and that the vapor presses 
down the mercury. As we con- 
tinue to introduce the liquid 
the mercury column descends 
more and more, but finally it 
ceases to descend, and any ad- 
ditional liquid introduced will 
be left unevaporated in the tube 
attached to the globe. 

If now the temperature of 
the globe be increased, more of 
the liquid will be evaporated 
and a greater pressure indi- 
cated by the manometer. Fur- 
ther experiment will continue 
to show that the amount of the 
liquid evaporated and the press- 
ure exerlcii will depend upon 
the temperature of the space. 
We are thus enabled to con- 
clude that the amount of vapor 
which passes from a liquid in 
vacuo and the pressure exerted 
by the vapor in a given space 
are limited and vary with the 
temperature. This pressure of 
the vapor in contact with its 
liquid, being the greatest possible for the temperature, le called its ; 
maxtm^m pressure, and under such conditions the space is said to be ! 
saturated. 

The maximum density for any temperature is that state of 1 
density which the vapor cannot e.xcced without becoming liquid. 
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Fig. 18. 



can be shown that the vapor of a saturated space is at its maximum 
density because it is impossible to diminish the volume occupied by 
the vapor without liquefying a portion of it. If the vapor be not 
at its maximum density and its volume be decreased, temperature 
remaining constant, an increase of pressure and density will take 
place until the point of maximum density is reached. These effects 

of change of volume may be roughly illus- 
trated by having a barometer-tube, with the 
usual vacuous space above the mercury, in- 
verted in a deep cistern of mercury as shown 
in Fig. 18. Let a small amount of ether, 
not sufficient to saturate the vacuous space, 
be introduced into the tube. The column 
of mercury will descend, due to the elastic 
force of the vapor. If we now shove the 
tube down into the cistern, we shall see the 
mercury descend more, due to the increased 
elastic force of the vapor, while the volume 
occupied by the vapor decreases and its den- 
sity accordingly increases. The reverse effect 
is observed if the tube be lifted up. After the 
tube has been shoved down a certain dis- 
tance, the mercury column no longer de- 
scends, showing that the pressure of the 
vapor does not increase. As soon as this 
point is reached, liquid ether appears on the 
surface of the mercury. We then know that 
the space above the mercury is saturated. 
So long as this is the case it matters not 
whether we raise or depress the tube, the 
height of the mercurial column is constant, 
showing that the pressure of the saturated 
vapor remains constant in the two cases. 

It has been seen that the maximum den- 
sity and pressure are dependent upon the 
temperature, and increase rapidly as the 
temperature rises. In order, therefore, to 
saturate a given space a greater quantity of vapor is required as the 
temperature rises. This is illustrated in the case of water vapor by 
the following table, in which is given the elastic pressure of such 
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Tapor at aattiration at different temperatures, with the correspond- 
ing weights contained in a cubic foot of saturated space. 



c PreSBiue. 


Weight of Vapor 


.045 




0.54 


.071 




0.84 


.109 




1.30 


.167 




1.97 


.24G 




2.86 


.860 




4.09 


.517 




5.76 


.732 




7.99 


1.407 




14.81 


1.913 




19.79 



■Vapor which is at less than its maximum density is called saper- 
Aeated vapor, because it can be obtained by heating vapor at maxi- 
mum density at lower temperature. 

Fig. 19 represents graphically the rate at which the maximum 
density of aqueous vapor increases with the temperature 
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a and b. The horizontal distances proportional to temperature are 
laid off on the base line a b, and the corresponding vortical lines at 
every fitlh degree are proportional to the masses of vapor necessary 
to saturate the spaces at the temperatures. It is noticed that the 
curve, a c, of vapor density becomes steeper as the temperature in- 
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creases, showing that the amount of vapor for saturation increases 
more rapidly at high than at low temperature. 

No general formula has heeu deduced which will express the re- 
lation between the pressures and temperatures in the case of satu- 
rated vapors. The many experiments on saturated aqueous vapor, 
the most celebrated of which are Begnault's, have suggested numer- 
ous empirical formula which may be used for that purpose in the 
case of steam. As nearly ail recent works on steam give tables 
showing the relations between pressures, temperatures, and vol- 
umes, such formulsB are now seldom necessary. 

Mixture of Gas and Vapor in a Confined Space. — If the 

experiment with the apparatus (Fig. 17) be repeated without ex- 
hausting the air, the results finally obtained are the same as with 
the exhausted receiver. 

The only effect of the air is to retard the production of the 
vapor, but the evaporation goes on until the pressure is the maxi- 
mum pressure due to that temperature. The more dense the gas 
which is present, the greater the retardation. In vacuo the vapor 
passes very rapidly to the state of maximum density. The above 
deductions were given by Dalton in two laws, which may be stated 
as follows : 

1st. The quantity of vapor which can be contained in a given 
space, or the ultimate pressure of a saturated vapor, is dependent 
only on the temperature. It is the same whether or not the space 
contain other gas. 

2d. When a space containing other gas is saturated with vapor, 
the pressure of the mixture is the sum of the pressures due to the 
vapor and the gas separately. 

This second law applies whether the vapor be saturated or not, 
and is a particular case of the more general law, — ^that each gas in 
a mixture of gases and vapors exerts in a confined space the same 
pressure as if the others were absent. 

It may be well here to state again directly the following infer- 
ences from the facts of the above paragraphs. The greatest pressure 
and density that a vapor can have at any temperature is when it is 
in a state of saturation for that temperature. Vapors in contact 
with their liquids are at saturation for the temperature ; hence the 
vapors given off from liquids are always at the minimum density 
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for the temperature, and any increase of pressure or decrease of 
temperature will cause condensation of a part of the vapor. i 

Condensation of Vapors. — 1. Since a vapor in the saturated 
state is at its maximum density for tbe temperature, it is evident 
that, if tho volume of such vapor be decreased without change of 
temperature, a portion of the vapor corresponding to the decrease 
of volume will bo condensed, and the remaining portion wiil be at , 
the maximum density and pressure. i 

2. Since the maximum density and pressure in a confined space 
depend only upon the temperature, if the temperature of a sat- 
urated space be lowered and the volume kept constant, both density 
and pressure will ilill to correspond to the lower temperature, and 
as much vapor will be condenaed as corresponds to the difference of ' 
maximum density at tbe two temperatures. 

It is thus seen that both pressure and reduction of temperature 
are effective in condensing vapors, and they may be employed 
separately or conjointly. The same means are employed in the 
condensation of gases. 

Critical Temperatures. — Andrews was the first to show that 
there probably exists for each gas or vapor a temperature above 
which no amount of pressure can liquefy it: this temperature is 
called the critical temperature, 

Below the critical temperature sufficient pressure will bring the 
vapor to its maximum density, after which further diminution of 
volume will liquefy it without increase of pressure, as already 
pointed out. 

Continuity of Liquid and Gaseous State.— Andrews showed 
that above the critical temperature carbon dioxide could not ha 
liquefied, but that under sufficiently great pressure it was reduced 
to a homogeneous fluid which was neither liquid nor gaseous. 
Under these conditions a lowering of temperature without change 
of pressure would reduce it to a liquid, and a diminution of press- 
ure without change of temperature convert it into gas, but in 
neither of the cases was there observed any evidence of two states 
of matter in tho tube. 

Liquefaction and Solidification of Oxygen and Hy- 
drogen. — Until 1877 a number of gases had resisted all attempts 
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to liquefy them, and hence were designated as permanent gases, 
among which were oxygen, hydrogen, and nitrogen. In the latter 
part of 1877 and the first part of 1878 these gases were also liquefied 
and solidified by combining great pressure with great cold. The 
results were accomplished at about the same time by Cailletet, of 
France, and Pictet, of Switzerland, acting independently of each 
other, and thus verified Andrews's law as to critical temperature. 
Pictet employed for oxygen a pressure of 320 atmospheres, and for 
hydrogen a pressure of 650 ; in each case the gas was subjected to 
a temperature of — 140° C. In the liquid state hydrogen was of a 
steel-blue color. 

When these gases are subjected to conditions which bring them 
near their condensing points, they depart widely from the laws of 
Boyle and Gay-Lussac, thus behaving like other more easily con- 
densable gases or vapors at ordinary temperatures. 

These considerations furnish us with a basis for a slight distinc- 
tion between gases and vapors. Below the critical temperature the 
substance is a vapor, above the critical temperature a gas. In the 
latter condition it obeys very nearly the laws of Boyle and Gay- 
Lussac until greatly compressed ; in the form of vapor it departs 
more widely from these laws. 

Conditions Affecting Rapidity of Evaporation. — Some 
substances evaporate much more rapidly than others, and are then 
said to be more volatile ; for instance, alcohol and ether evaporate 
much more rapidly than water. The rapidity of evaporation is 
subject to the following laws : 

1st. It increases directly with the temperature and with the ex- 
tent of evaporating surface. 

2d. It increases the more nearly the evaporation takes place in a 
vacuum. 

3d. It increases with the rapidity with which the vapor is 
removed from over the liquid. 

The third law is evidently a consequence of the second, and both 
the second and third flow from principles stated in the paragraphs 
relating to the pressure and density of vapor. 

The evaporation of water takes place on an enormous scale in 
nature, and supplies the moisture to the air which again descends 
as rain. Without this circulation the present conditions of life could 
not prevail. 
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Besides this quiet transformation into the vaporous state, which I 
has been called evaporation, tbere are other forms of vaporization ' 
which we will not describe. 

Ebullition or Boiling. — When a liquid is heated in an open 
vessel, the evaporation first goes on quietly and the liquid steadily j 
rises in temperature. After a time very 
minute bubbles are given off: these are 
bubbles of air. Soon after, at the bottom 
of the vessel and at other parts most ex- 
posed to the heat, bubbles of vapor are 
formed and ascend, dccreasiEg in size as 
they move upward, and disappear before 
reaching the surface, being condensed by 
the colder upper layers of water. The col- 
lapsing of these bubbles produces the sing- 
ing of liquids before they boil. Finally the 
bubbles increase in number and grow larger 
as they ascend until they burst at the sur- 
face. The liquid is thus kept agitated and 
gives off vapor much faster; it is then said 
to boil or be in a state of ebullition. These phenomena may be readily j 
in a glass vessel such as is represented in Fig. 20. 



Laws of Ordinary Ebullition. — Experiment enables us to I 
state the following laws of ebullition : 

Ist. Under the same pressure there is a definite boiling point I 
for every liquid. The boiling point is then a specific property of the j 
liquid, and is a physical character of importance in distinguishing J 
liquids which otherwise resemble each other. 

The following table gives the boiling points of the liquids named, \ 
under common atmospheric pressure ; 

Ammonia — 84° C. 

Common ether 87° 

Carbon biaulpiiide 48° 

Alcohul 79= 

Difllillad water 100° 

Turpentine 130» 

Glycerin 290° 

Sulphuric acid (concentrated) 32S° 

Mercury 353° 




18 



ELEMESTART LESSONS IN SEAT. 



2d. When ebullition has commenced the temperatare of the 
liquid remains oonstant however much heat be applied. 

The liquid must be kept thoroughly stirred, to avoid small 
fluctuations of temperature. The temperature of the vapor is more 
constant than that of the liquid ; 
hence with water wo employ the 
vapor in determining the boiling 
point on the thermometer. The con- 
stancy of temperature during ebul- 
lition explains why vessels of easily 
fbaible metal may be exposed to the 
action of a hot fire provided they 
contain water, for they cannot be 
heated much above 100° until the 
water has evaporated. That the 
temperature remains constant during 
ebullition, notwithstanding the con- 
tinued application of heat, will be ex- 
plained subsequently. 

3d. The pressure of the vapor 
given off during ebullition is equal 
to that of the external medium. 

This law has been verified in the 
case of the atmosphere by a very 
simple arrangement, shown in Fig. 
21. A barometer-tube is bent, near 
the closed end, to a U-sbape. The 
shorter limb of the tube is filled with 
mercury, except a small space occu- 
pied by water. The mercury ex- 
tends around the bend a little way 
up the longer branch. Under ordi- 
nary conditions the mercury in the 
?-^ shorter limb will stand higher than 
that in the other. But let the water 
in the shorter limb be brought to 
the boiling temperature by immersing the tube in the steam from 
boiling water, as shown in Fig. 21. The steam from the water 
in the shorter limb presses the mercury down until its level is 
the same in both limbs, showing that the pressure in tbo shorter 
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limb 13 exactly equal to the atnioepheric pressure in the longer 
limb. 



Boiling Point. — A liquid ia in ebullition when it gives off 1 
vapor at the same pressure' as tbat to wbich the free surface of the [ 
liquid is exposed, and tbe boiling point ia tbe lowest temperature at I 
which ebullition can occur. 

In ebullition the elastic bubbles of vapor formed below tha 
surface of the liquid have to withstand the weight of the liquid i 
above them and the pressure of the atmosphere. In order to escape 
from the liquid they muBt in addition overcome the cohesion of tbe _. 
liquid and, at the sides, the adhesion to the vessel. The first ele- 
ment of pressure diminishes as the bubble rises, and at the surface 
of the liquid the pressure to which it is subjected is reduced to that 
of the atmosphere. There is thus evidently a greater pressure on 
the bubbles of vapor formed lowest in tbe liquid. From these con- 
aidorations we can anticipate several means of varying tbe boiling 
point: the most evident is by pressure. 

^ect of Pressure on the Boiling Point. — Ebullition, like fusion, 
under constant pressure, commences and continues at a constant | 
temperature. As all substances increase in vol- 
ume upon vaporization, we should expect that 
increase of pressure would raise the boiling 
point, and the reverse, and experiment shows 
this to be the case. Water may be made to 
boil at any temperature between 0° and 100" 
by sufficiently diminishing the pressure to 
which it is subjected. The boiling point of 
water is associated in our minds with a fixed 
temperature because it usually boils under 
atmospheric pressure, and the variations of 
atmospheric pressure ai'e comparatively small. 
It is also evident from the foregoing that there 
is a slight difference of temperature in the dif- 
ferent layers of the same liquid, owing to 
difference of preaaure. 

Diminished Pressure Illustrated. — A little 
water is boiled over a lamp in a glass flask until the air is driven I 
out. A closely-fitting cork is then inserted, and at the same time 
the lamp removed. When ebullition has ceased, it may bo renewed 
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for a considerable time by pouring cold water on the flask above 
the liquid. A Florence flask is very convenient, and may be in- 
verted when removed from the lamp and held by the neck, as in 
Fig. 22. The cold water condenses the vapor above the liquid and 
thus diminishes the pressure upon it. In this experiment a fragile 
vessel is likely to be crushed when the vapor is condensed. The 
experiment is often called the culinary paradox. 

On the other hand, by increasing the pressure on the free sur- 
face of the liquid, by its own vapor or otherwise, the boiling point 
may be raised at pleasure. 

Other Causes Affecting the Boiling Point. — 1. The nature of the 
vessel also influences the boiling point ; the boiling point is diflferent 
in metallic and glass vessels, being higher in the glass. In this 
case the water may be heated to 105° or 106° without boiling ; then 
there is a violent escape of steam, and the temperature of the water 
falls nearly to the normal boiling point, and remains tranquil until 
the temperature again rises and the phenomenon repeats itself. 
This intermittent formation of vapor produces what is known as 
" bumping" in heated liquids, and may be largely mitigated by scraps 
of metal or a drop of mercury, or a piece of charcoal weighted 
down. 

2. When water has been largely deprived of air and other gases 
by boiling or otherwise, its boiling point is considerably raised. 
"When ebullition commences there is much more rapid generation 
of steam than usual, with reduction of temperature. Water has 
thus been heated from 30° to 80° above its boiling point without 
passing into vapor. 

3. When salts are dissolved in liquids, the general eflfect, as 
shown by Magnus and others, is to raise the temperature of ebul- 
lition and also of the vapor emitted. Eegnault showed that the 
temperature of the vapor from such solutions soon falls to the tem- 
perature of vapor disengaged from pure water under the same con- 
ditions. From moderately pure water, for practical purposes it may 
be assumed that the vapor is at the same temperature as though 
the water were pure. The steam emitted from saline solutions gen- 
erally gives pure water, but common salt is often carried over from 
salt water. 

When a liquid, under given conditions, is vaporized by ebulli- 
tion, the rapidity of vaporization is directly proportional to the heat 
received. 
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Applications Resulting from Variations of Boiling Point. I 

— From tbe conneciion between the boiling point and the pressure 1 
exerted upon the free surface of the liquid result many useful appli- 
oations, among which may bo mentioned — 

The Meiistiremcnt of Meights by the Boiling Point of Water.^~ I 
Instruraenta for this purpose are called Thermo-barometers or Hyp- f 
someters, and consist of a little boiler heated by a spirit-lamp and I 
terminating in a tube with an opening at the side for the eecape of I 
the Htoam. A delicate thermometer is supported in tbe centre of i 
the tnbe, and projects slightly above so as to allow the temperature J 
of ebullition to be read. The thermometer is entirely surrounded J 
by the steam hut does 
not touch the liquid. 
(See Fig. 23,) When 
the liquid boils, the 
pressure of its vapor 
equal to tbe atmoaphei 
pressure. The pressure 
of aqueous vapor at dif- 
ferent temperatures has 
been determined 
tabulated. By observ- 
ing the boiling point 
and referring to the 
table, we get tbe vapor 
pressure for that tem- 
perature, and accord- 
ingly the pressure of 
the atmosphere, from 
which the height ia 
computed. An approxi- 
mation is at once ob- 
tained by using Sorel's 
formula, which gives a • 
decrease of 1° C. in the 
boiling point for each 
968 feet in altitude,' Tbe boiling point being thus lowered as wo go d 
upward, the dwellers above particular elevations are unable to per-i 
form certain culinary operations in the open air, and are compelled I 
to adopt means for raising the boiling point. 



Papin's Digester.' — The principle most generally employed for 
raising tbe boiling point is illuBtrated in Papin's Digester {Fig. 24), 
and is a simple application of increase of pressure. The digester 
is a strong metallic vessel in which the water may be heated. The 
only opening to the vessel for the escape of the vapor is closed by 
a valve pressed down by a weight. The pressure on the valve can 
thus be varied, and the vapor cannot escape until its pressure lifts 
the valve. The pressure on the surface of the liquid and the tem- 
perature of boiling may thus be varied and regulated. 

It is evident that this principle may be applied equally at all 
levels, and it fVequently ia, whenever it is desired to heat water 
above the ordinary boiling point, as in the extraction of gelatin 
from bonos, etc. The reverse principle of lowering the boiling point 
by diminishing the pressure ia frequeuily made use of to evaporate 
rapidly solutions which cannot bear a high temperature, by keep- 
ing them in a space exhausted of nir and vapor. An important 
and useful application of the principle is made in the manufacture 
of sugar, the liquid being slowly evaporated in vacuum pans. 

Distillation. — Distillation is the boiling or vaporization of a 
liquid and the condensation of iho vapor evolved. It enables ua to 
BOpai-ate liquids fi-om solids in solution, and to partially separate 
liquids which rise in vapor at different temperatui-ee. The appii- 
rittus (Fig. 25) employed is called a still, and consists of a vessel a, 
for heating the liquid, called a retort, and one for condensing the 
vapor b, called the condenser. The condenser is sometimes in the 
shnpo of a spiral tube, w, and is then called the worm (Fig. 26). The 
condenser or worm is kept cool by immersion in running water or 
otherwise, so that the vapor is there condensed, and the distilled 
liquor collects in the receiver or flows from the worm. It is evident 
that, if the air be excluded and the vapor rapidly condensed, the 
distillation will lake place at reduced temperature. 

Spheroidal State. — There is a peculiar action of liquids when 
divppod upon highly-heated metallic surfaces which may be con- 
veniently considered here, being a case of evaporation though not 
of ebullition. If water be sprinkled upon a highly-heated metallic 
or other smooth surface, it does not adhere to the surface, but 
assumes nil ellipsoidal form, spins around, and moves about. Tbe 
liquid in this condition is separated from the surface by a cushion 
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of its own vapor, and its temperature is found to be below the boil- 
ing point. In this condition the liquid is evaporated less rapidly 
than when the surface is at lower temperature. 

That the liquid remains below the boiling point is due to the 
evaporation which takes place and to the fact that, not being in 
contact with the plate, it is heated by radiation. The form is the 
consequence of cohesion among the molecules as modified by ex- 
ternal forces, gravity and atmospheric resistance. 

It is possible that all liquids are capable of assuming this state 
but at different temperatures, dependent upon the liquid and the 
nature of the surface. In this state they do not wet the surface of 
the plate. If the plate cools below the particular temperature for 
the liquid, it flattens out and evaporates rapidly away with ebullition. 

We may partially reverse these phenomena by putting a highly 
heated metallic ball into a liquid. For a time the liquid will be kept 
out of contact with the ball by a cushion of vapor produced by the 
heat of the ball. 

We can, too, understand how the moist hand of a man has been 
plunged into molten metal with impunity ; it could not be done in 
a liquid at lower temperature, such as boiling water. 

These phenomena were first examined by Leidenfrost more than 
a century ago, and have since been studied by other physicists, 
mainly Boutigny. 

Freezing of Water and Mercury in a red-hot Crucible. — The fact 
that a liquid in ^the spheroidal state is below its boiling point ex- 
plains the seeming paradox of freezing water or mercury in a hot 
crucible. Thus Boutigny poured liquid sulphurous acid, whose 
boiling point is — 10° C, into a white-hot platinum crucible. The 
liquid assumed the spheroidal state, and water dropped upon it was 
immediately frozen. Mercury has been similarly frozen by using 
liquid nitrous oxide, whose boiling point is — 70° C. 



CHAPTER V. 



CHANGE OP STATE. 

Latent Heat. — It has been mentioned that other effects than 
change of temperatuva may be produced by giving heat to or taking 
it from a body. The beat which produces changes in bodies other 
than change of temperature is called latetit heat. 

Liquefaction. — Latent Heat of Fusion. — Moat solid bodies 
■wbeu heated suflBciently high change their state from solid to liquid. 
Some bodies pass gradually fivam the solid state through a semi- 
Bolid state to the liquid form, others pass abruptly from the soUd to 
the liquid state ; the following remarks apply to the latter class. 

This change is called fusion or melting, and the temperature at 
which it takes place is called the fusing or melting point, and is 
constant for the same substance when the pressure is constant. 
The temperature of the solid remains constant from the time the 
fusion commences until it is finished, thongh heat must be con- 
stantly applied to continue the melting. The beat thus transmitted 
to a body without producing any other effect that we know of, 
except a change of state, is called the latent heat of fusion. 

The latent heat of fusion of a particular substance is specified 
by talcing a unit weight of the substance, and may be defined as the 
amount of heat expressed in thermal units necessary to melt or fuse a 
vnit weight of the substance starting at the temperature of its fusing 
point and under atmospheric pressure. 

If we had a perfectly uniform source of heat, such that a pound 
of water at 0° C. placed over it would have its temperature raised 
S° per minute, in a little less than sixteen minutes the temperature 
of the water would bo 79°. The same weight of ice at 0" C, receiv- 
ing the same quantity of heat would be converted into liquid, but 
would not have its temperatui-e changed. The entire heat is con- 
Bumed in changing the state of the ice, but does not affect its tem- 
perature, and consequently could not be detected by a thermometer. 
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So far as temperature is concerned this quantity of heat produces 
no effect, and hence is called latent heat. 

Determination of Latent Heat of Fusion. — a. This deter- 
mination may be made by a method similar to the "method of 
mixtures" for specific heat determination. Thus, if we mix i pounds 
of ice at 0° C. with w pounds of water at <° and find the resulting 
temperature, as soon as an equilibrium is reached, to be ^°, we can 
find the latent heat of fusion as follows : 

The units of heat lost by the water are 

w(t — 0), 

and are spent partly in melting the ice and partly in raising the 
temperature of the water produced from 0° to ^°; then, if we 
denote by x the latent heat of fusion, we shall have 

w(t — e) = i(x + 0), 

from which x may be found. 

b. If any other liquid than water be used, we must know its 
specific heat s, and of any other solid than ice we must know its 
fusing point Tand its specific heat s' in the liquid state; the above 
formula will then become 

sw (t — e) = ix+is' {6— T), 

in which the first member is the heat lost by the liquid, and the 
second the heat employed in melting the solid and raising the tem- 
perature of the liquid produced from T^ to 6^, In the above cases 
the solid operated upon is supposed to have been at the tempera- 
ture of fusion at the beginning of the operation, but this is not 
necessary if we know also the specific heat of the solid body and 
suppose it constant up to the fusing point. If we start with a 
solid body below the fusing point, say at f\ and suppose s" to be 
its specific heat, the above equation will then become 

sw {t — e) = is" ( T— f) + ix + is" {d — T), 

in which the first member is the heat lost by the liquid and spent in 
raising the temperature of the solid to fusing point, fusing it, and 
then raising the temperature of the liquid from the fusing point 
to^°. 

c. For substances which have high melting points, a known 
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weight in tiie molten state may be oneloaed in a small veesel find I 

imraei'sed in the liquid; then if its initial temperature, the tempera- I 

ture of fusion, and the specific beat of the body in the liquid and in I 

tbe solid state be known, its latent heat may be determined. I 

In all these cases it is assumed that the specific heat of the liquid I 
between the initial and final temperature is constant, and the same 1 
assumption is made in regard to the solid between the initial torn- j 
pei-ature and the fusing point. It ia also assumed that the entire I 
heat given out by the warmer body is transferred to the other, or 
that there is no loss of heat. None of these assumptions is accu- 
rate, and the determinations are subject to slight error. In c above ] 
it is also assumed that the same amount of heat which is absorbed I 
in converting a solid into a liquid is given out when the liquid is I 
converted into a solid. This can, however, be demonstrated. I 

Thefusingpointsandlatent heats of several substances are given I 
in the accompanying table: 

Melllng FoIqL Latent H^I. J 

Mercury — 89° C. 2.82 J 

Ice 79.00 I 

Tin '. 235 14.20 I 

Lead 332 6.i0 I 

Zinc 433 28.10 1 

Silver 1000 21,00 I 

The latent heat of ice is greater than that of any other substance j 
named in the table; it is 14 times as great as that of lead and 28 
times that of mercury. Ice is, in this sense, more difficult to melt, 

and water moi-e difficult to freeze, than any other substance, and J 

these properties are of great imporlance in nature, retarding both I 

freezing and thawing. 1 

Latent Heat of Solution.— The conversion of a solid into a , 

liquid by solution is frequently accompanied by a disappearance of | 

heat or reduction of temperature. This reduction of temperature I 
is consequent to the change of state from solid to liquid. This same 

result is generally observed during solution whenever there is no I 
chemical action between the solid and liquid. Thus the sweetening 

of coffee by sugar is also a cooling process, and a fall of from 20° i 
to 25° may be obtained by dissolving ammonium chloride in water. 

Solution takes place over a wide range of temperatures, and | 
nearly all substances are more soluble at high temperatures, though 
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there are exceptions. There is accordingly no definite point of 
solution corresponding to the point of fusion. 

Solidification or Congelation. — Solidification or congelation 
is the process by which a body passes from the liquid to the solid 
state, — the reverse of fusion. In fusion heat becomes latent or pro- 
duces no effect on the temperature ; in congelation the same amount 
of heat reappears or becomes evident by its effect on temperature. 
The same number of thermal units which have been communicated 
to a body without affecting its temperature in fusion will be given 
to the surrounding medium by the body in solidifying. In the one 
case addition of heat to the body did not affect its temperature ; in 
the other the temperature of the body is not affected, although it 
gives up heat to the surrounding media. 

All liquids are capable of being solidified. Like fusion, with a 
few exceptions, the change takes place abruptly. The temperature 
of congelation or the freezing point is the highest temperature at 
which solidification can take place, and is the same as the fusing 
point of the body when solid. It is possible, however, to preserve 
substances in the liquid state at lower temperatures. In case of 
water this result has been accomplished by simply subjecting to 
cold, vessels of water perfectly protected from agitation and dust, 
Despretz also cooled water in narrow tubes to — 20° C. without 
freezing. Dufour also obtained similar results by suspending water 
in a liquid of the same specific gravity and with which it would 
not mix. 

A liquid thus reduced to a temperature below its freezing point 
is in general partially solidified by the slightest agitation or bj'- the 
contact of any solid particles. Particles of its own solid are sure 
to produce the result. 

When congelation commences under these conditions, it contin- 
ues until the heat given out during solidification raises the entire 
mass of liquid to the freezing point. This may be easily shown by 
experiment on water. A small vessel containing water in which 
a thermometer is immersed may be cooled 10° or 12° below the 
freezing point; if freezing be then brought about by a shock to the 
vessel, the themometer rises rapidly to 0°. Congelation continues 
until the heat liberated by the water frozen raises the temperature 
of the remaining liquid to 0°. 

Knowing the mass of water involved and the temperature to 
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which it is reduced, it is evident that the quantity of ice that will I 

be foi-med when congelation sets in may be computed. J 

The freezing of water is sometimes employed to moderate the I 

retiuctioii of temperature in small conservatories, or other confined I 

Bpaces. I 

Change of Volume in Solidification. — Most substances con- I 

tract in solidifying, but there are some exceptions, as ice, bismuth, I 

cast-iron, etc. This property of bodies is very important, enabling I 

some of them to be used in castings. I 

The expansion of water in freezing is about -j^ of its volume, J 

and the enormous mechanical force exerted thereby has already I 

been referred to. This increase of volume also renders ice lighter I 

than water, and it consequently floats at the surface. I 

Effect of Pressure on the Freezing and Melting Points. — 

Substances which expand in freezing have their freezing points 
lowered by pressure. Prof J. W. Thomson was led to this con- j 
elusion by theoretical considerations, and it has been verified by 1 
several experimenters. It has also been shown that substances j 
which contract in freezing have their freezing points raised by J 
pressure. I 

Mr. T. J. Bottomlej' beautifully illustrated the effect of pressure I 
in lowering the melting point of ice by resting a block of ice on two I 
eupporta & short distance apart, and slinging over the ice a copper I 
wire to the ends of which weights wore attached. The weighted I 
wire gradually worked its way through the ice and fell to the floor, I 
but the block was not cut in two, — the path made by the wire was I 
filled by the ibrmation of new ice as the wire advanced. I 

Latent Heat of Vaporization, — The process of vaporization I 
has been already defined, and bodies which do not volatilize under 
oi-dinary conditions can usually be made to do so by the application j 
of heat. Almost all bodies can be heated high enough to convert j 
them into the gaseous state, if not decomposed before assuming tbis I 
state. Generallyin assuming the gaseous state a solid passes lb rough J 
tbo liquid state, though, as already stated, there are some which pasB ] 
directlj" 10 the gaseous state. I 

A law exactly similar to tbat accompanying fusion universally j 
affects the gaseous condition. The change from a solid or liquid 
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state to a gas is accompanied by the absorption of sensible beat, and 
the revei-se cbange by its disengagement. 

Many gases are absorbed or dissolved in large quantity by liquids 
and thus are liquefied, or at least greatly condensed, and heat is 
evolved during this condensation ; and during the reverse operation, 
when the gas passes out of the liquid, heat disappears. All gases 
have, however, been brought to the liquid state proper. 

The amount of heat which disappears in passing to the gaseous 
state varies with the temperature at which the change takes place, 
and is exactly equal to that given out when the gas is condensed or 
returns to the original form, provided both changes are effected at 
the same temperature. The heat absorbed by a liquid during con- 
version into vapor or gas is called the latent heat of vaporization. 

The amount of heat necessary to convert a pound of water at 
100° C. into steam at 100° is 537 units ; that is to say, the heat 
necessary to evaporate one pound of water at 100° is sufficient to 
raise 537 pounds of water one degree in temperature. This same 
amount of heat reappears in the condensation of the pound of 
steam at 100° ; that is to say, a pound of steam at 100° by its 
condensation to water would raise 5.37 pounds of water from 0° to 
100° C. The latent heat of steam at 100° C. is 537. The latent 
heat of the vapor of water decreases as the temperature rises. 
Vapors of other liquids have less latent heat than steam. The 
accompanying table gives the latent heats of the vapors named at 
the boiling points of their respective liquids under atmospheric 
pressure. The third column gives the approximate volumes of 
vapor, under atmospheric pressure, given off from one volume of 
each of the liquids at their boiling points. 

Boiling Point. Latent Heat. Volume of Vapor from 
C. C. one Volume Liquid. 

Water lOO^ 637 1676 

Alcohol 78° 202 628 

Carbon bisulphide . 46° 87 420 

Ether 35.6° 90.6 298 

Ammonia*. . . .—38.6° 600 860 

* These numbers, taken in connection with the specific gravities and specific 
heats of the liquids, and the ready solubility of ammonia in water, indicate the 
possibility of using it in competition with steam for driving engines. If equal 
weights of ammonia and water be converted into vapor at 100°, the volume of 
the ammonia vapor is slightly greater than that from water. 
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Latent Heat of Aqueous Vapor. — We have stated above 
that the heat given out in the condensation of a vapor is equal ia 
amount to that abaorbed in its vaporization, provided both changes 
take place at the same temperature. If they do not talie place at 
the same tempei-ature, these amounts are not equal. I 

The results of Kegnault's labors in connection with the sub- 1 
jeot of latent heat have established the following facts in regard to 
aqueous vapor : j 

The quantity of beat required to convert a pound of water at I 
100° C. into vapor at the same temperature iR 537 thermal units. I 
If we start with the water at 0° C, raise it to 100° C, then vaporize j 
it without change of temperature, the total will be C37 theiTnal j 
units. It is this total amount which it is most important to know 
in the applications of heat in the arts. 

In general, if we denote by Q the total amount of heat required 
to raise the temperature of a unit weight of water from 0° to T°, i 
and vaporize it at that temperature, the value of Q ia given by the 
formula : 

Q = 606.5 + 0.305 T (a) 

From what is said above we see that, if wo denote by X the 
latent heat of vaporization at T, we will have 

Q = X+T, J 

and by substituting this value of Q in (a) we have J 

^ = 606.5 — 0.695 T, I 

from which it appears that the latent heat decreases as the temper- I 
ature rises. | 

By oonaidering tbe slight variation of tbe specific heat of water j 
with change of temperature, Eegnault found thelatenlbeat of vapor 
of water to be at 0" C. 606.6, at 100° C. 636.5, and at 200° C. 464.3. 
Watt was aware of the decrease of tbe latent heat of steam with ' 
increase of temperature, but he thought that the sum of the two I 
remained constant. Tbe above numbers added in indicated pairs ] 
show that there is considerable errar in Watt's idea. 

Latent Heat of Expansion. — When a gas expands, heat • 
must be communicated to it in order to keep its temperature the I 
same : this may be called the latent heat of expansion. If the gaa 
bo compressed by external force, its temperature will be increased. 
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In all these eases in whieh heat is said to become latent it must 
be kept in mind that there is no loss of heat energy. Heat when 
applied to bodies produces several eflfects, one of which is usually a 
change of temperature ; if it produces other effects and no change 
of temperature, it is called latent. These other effects above given 
are fusing solids, vaporizing liquids, expanding gases. The heat 
applied has altered the relations of the particles of the body, probably 
by changing their positions ; and, when these particles assume their 
original relations, that other effect of heat, temperature, is observed. 

Utilization of Latent Heat. — There are many practical 
applications which depend upon the foregoing laws involved in the 
change of state of bodies. The thermic effects accompanying the 
changes of state of water are also very important. 

Freezing -Mixtures. — Common freezing-mixtures are efficient be- 
cause of the heat absorbed in the liquefaction of solids. In all such 
mixtures there is at least one solid substance which is reduced to 
the liquid state by the action of the others, thus producing a fall of 
temperature proportional to the latent heat of fusion of the sub- 
stance. "When two solids or a liquid and solid are brought together 
and produce a mixture which is liquid, cold will be produced unless 
there be strong chemical action between the bodies. One of the 
most common of such mixtures is that of snow and salt, in which 
both the snow and the salt are brought to the liquid state with a 
reduction of temperature to 0° F. Powdered crystallized calcium 
chloride and snow will produce a much greater cold ( — 40° C). 
The mere solution of bodies in water, when unaccompanied by 
energetic chemical action, will produce marked fall of temperature. 
Thus the solution of nitre or ammonium chloride or ammonium 
nitrate in water at ordinary temperature will produce a fall of from 
15° to 25° C. 

Cold by Evaporation. — The latent heat of evaporation can in 
many ways be taken advantage of to produce cold. Those liquids 
which evaporate most rapidly produce the greatest reduction of 
temperature. If the hand be moistened with alcohol or ether, a 
decided sensation of cold is experienced ; with water the effect is 
less marked, because it evaporates more slowly. 

Leslie's experiment consisted in showing that water could be 
frozen by the cold resulting from its own evaporation. A thin 
metallic vessel (Fig. 27) containing a little water was placed over a 
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vessel containing strong sulphui-ic acid, the whole being plac 
nnder the receiver of an air-pump. As the air is exhausted t 
water evaporates more and more rapidly, the vapor of water being 1 
absorbed by the sulphuric 

&cid, and ice soon forms on ^'°- ^^■ 

the surface. To make this 
experiment a success it is 
oeoessary to remove the 
vapor of water as fast as 
it is formed, which is diffi- 
cult to do with the arrange- 
ment given, for the absorb- 
ing power of the sulphuric 
acid diminishes as the sur- 
face layer becomes dihited 
by the vapor first escaping, and the vapor more remote froni.l 
the acid is only imperfectly absorbed. Air-])umpB are now con- I 
Btructed which at each stroke force the vapor drawn from the I 
water into reservoirs of sulphuric acid, and in- 
sure the success of the experiment, 

Wollastoji's Cryophorus. — This instrument is 
sometimes used to show the freezing of water by 
its own evaporation. It consists of a U-shaped 
tube (Fig. 28) with a bulb at each end, and is 
partly filled with water, the air having been 
expelled by hermetically sealing the tube while 
the liquid was in a state of ebullition. When an 
experiment is to be made, all the liquid is passed 
into one bulb and the other is plunged into a 
freezing-mixture. The cold condenses the vapor 
from the water and thus facilitates evaporation 
UDtii ice appears on the surface of the liquid. 

When other liquids more volatile than water 
are employed, much more intense cold can be 
produced, Water contained in a thin tube dipped 
into a glass containing ether may be frozen by 
causing the ether to evaporate rapidly by agitating it with a cur- < 
rent of air from a pair of hand-bellows. Mercury may be frozen by ' 
liquid sulphurous acid, which is much more volatile than ethei 

Ice-Mncklnes. — ITost machines for the artificial preparation of 




64 ELEMESTARV LESSONS I!f HEAT. 

ice depend for their action upon the cold produced by evaporaUi 
In Carry's machine the evaporation takes place from liquid t 
monia, the vessel of water to be frozen being surrounded by tlie 
ammonia. The vapor of the evaporating ammonia passes into S 
aecond veaeel containing water, by which it is greedily absorbed uid 
thus removed from over the evaporating liquid. By applying heat 
to the aecond vessel the ammonia may be again driven out of the 
water and condensed in the liquid state in the first, and the opera- 
tion repented. 

In many other machines in this country the evaporating liquids, 
which are usually ammonia or some of the more volatile petroleum 
compounds, are condensed by pressure and cold and then allowed 
to evaporate through a series of pipes immersed in a strong solution 
of salt. The salt solution is thus cooled to such a degree that ves- 
sels of water placed in it are quickly frozen. The vapor of the 
evaporating liquid as it passes into the pipes is continually pumped 
out and returned to the condenser in a liquid state. 

Liquid carbonic acid, when permitted to escape from a vessel 
through a narrow orifice, evaporates so rapidly that a portion of the 
vapor freezes and falls as snow, Faraday, with this carbonic-acid 
snow dissolved in ether and placed under the receiver of an air-pump, 
obtained a temperature of — 166° F. 

Alcohol has been solidified by Wroblewsfci and Olszewski by 
adopting the method, first suggested by Cailletet, of using liquefied 
ethylene as the means of producing cold. The boiling point of this 
substance under atmospheric pressure is between — 102° and — 103" 
C, and the temperature produced by boiling it in vacuo is lower the 
moreperfect the vacuum. The above-named experimenters obtained 
a temperature of — 136° C. by means of it. They determined that 
carbon bisulphide solidified at — 1 16° C, and alcohol became viscous 
at about — 129° C and solidified to a white mass at — 130.5° C. 
The critical temperature of oxygen is lower than the boiling point 
of ethylene in air, and it commenced to liquefy at — 131.6° under 
26.6 atmospheres.* 

Seating by Steam. — The large amount of heat given out by 
eteam in condensing, and its rapid circulation even under slight 
pressure, have led to its use as a means of heating. 

The steam is generated in boilers and conducted by iron pipes 
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to the building to be heated. The circulating pipes should be so 
arranged as to secure an expeditious return of the water from the 
condensed steam to a receptacle from which it may be again forced 
into the boiler. This may be accomplished by giving the pipes an 
inclination in the proper direction. 

Irregularities in the fires under the boilers affect very quickly 
the circulation of steam. "When the fires are too low the steam 
condenses along the pipes, circulation largely ceases, and a partial 
vacuum exists. When the fires become hot again the steam rushes 
into the pipes of the ordinary construction and, meeting the water, 
hurls it forward violently, producing very disagreeable noises and 
sometimes cracks in the pipes. These disagreeable noises, and the 
fact that the steam-heaters do not of necessity enforce ventilation, 
are the main objections to this method of heating. 



CHAPTER VI. 

HYGROMBTRY. 

Hygrometry in its broadest sense is that branch of science which 
has for its object the measurement of the humidity of substances. 
Hygrometry, however, is generally restricted to the measurement 
of the amount of aqueous vapor in the air, on account of the para- 
mount importance of this branch of the subject. 

Absolute Humidity. — The condition of the air as regards 
moisture depends both upon the temperature of the air and the 
amount of aqueous vapor present. 

In meteorology the actual amount of vapor present in the air is 
expressed by the term absolute humidity. This amount may increase 
or decrease considerably with the temperature without affecting our 
sensations of dryness or moisture. 

Relative Humidity. — Our sensations of moisture and dryness, 
and the terms humid and moist in ordinary language, nearly corre- 
spond to the meteorological term relative humidity, and depend upon 
the condition of the air as regards saturation. In warm weather 
the air is generally drier than in cold, though the actual amount ot 
vapor present is greater. This is because the capacity of air for vapor 
is greater at higher temperature. 

Since a cubic foot of air will contain as much vapor as a cubic 
foot of space without air, we may define relative humidity as the ratio 
of the mass of vapor present in a space to the mass which would saturate 
the space at the actual temperature. 

Since aqueous vapor follows approximately Boyle's law, the 
pressures will be directly as the densities, and we may also define the 
relative humidity as the ratio of the actual vapor pressure to the maoci- 
mum vapor pressure for the temperature. 

If the absolute humidity remain constant, the relative humidity 
will vary in the opposite direction to the temperature until saturation 
66 
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is reached, and the dryness and 

I the main, vary in the same \ 

expressed a 



oisture of the atmosphere will, in 
-. Relative humidity is usually 



Dew-Point, — In genonil the atmosphere is not saturated with 
vapor, and if it ha continually cooled the density of the vapor will 
increase until it reaches a maximum, and any further reduction of ■ 
temperature will cause a portion of tbe vapor to liquefy. The 
temperature at which saturation is reached is called the dew-point. 

Hygroacopes. — These instrumenta give simply indications aa 
to the relative humidity or dryness of the air. Their construction 
depeuds upon a property, common to nearly all organic substances, 
of changing thoir dimensions by absorb- 
ing moisture as the air becomes damp 
and giving it off wiien dry, During 
these changes variatioms of volume occur, 
which may bo used to indicate the hygro- 
metric condition of the air. The result 
of absorption of moisture U generally in- 
crease of volume, and, if the body he 
composed of twisted fibres as are ropes 
and cords, the increase of length may 
not be sufficient to counterbalance the 
increase in cross-section of the fibres, 
and such bodies grow shorter when wet. 

Saussurc's Hygrometer. — This is 
but a hygroscope in which a hair, de- 
prived of grease, is made to move a 
needle by its contraction, and when tbe 
hair expands tbe needle is moved in the 
opposite direction by a weight. The 
■weight keeps the hair always taut. Ex- 
cept in the very cold climates of Russia 
and Siberia this instrument is simply a 
hygroieope, but there it is used as an in- 
strument of observation, because of the difficulty of making obser- 
vations at such low temperatures with the hygrometer proper. One 
form of the instrument is shown in Fit 
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To the class of hygroscopes belong many of the chimney orna- 
ments in popular use for " weather indicators." One of the most 
common forms is that in which the figure of a man or woman is 
made to step out from a toy house, depending on the dampness or 
dryness of the air. Another form is that in which a monk is made 
to draw a cowl over his head when the air is damp. Certain chemical 
substances will change color by loss and gain of moisture, and they 
can be used to give indications of the moisture present in the air. 

Hygrometers. — Instruments intended to furnish accurate in- 
formation as to the state of the air in regard to moisture are called 
hygrometers. 

They may be divided into three classes : 

1st. Hygrometers of condensation, or dew-point hygrometers. 

2d. Hygrometers of evaporation, or wet and dry bulb hygrome- 
ters, also called psychrometers. 

3d. Chemical hygrometers, which directly measure the weight 
of vapor in a given volume of air. 

Dew-Point Hygrometers. — The principle of this class is illus- 
trated when a body cools in a moist atmosphere, as when a glass 
of water in damp air is cooled by dropping in fragments of ice. As 
the vessel is cooled the layer of air in contact with it is also cooled, 
and finally moisture makes its appearance on the outside of the 
vessel, and the temperature at which this occurs is the dew-point, 

which may be known 
^^®- ^^- from a delicate ther- 

mometer immersed in 
the vessel. 

Dines' s Hygrometer is 
a good one of this class, 
and consists of a small 
flat chamber covered 
with thin black glass. 
(Fig. 30.) This chamber contains a delicate thermometer, and is 
connected by a pipe with a reservoir of water, which is gradually 
cooled by dropping in. ice. The chamber also has a discharge-pipe 
through which the water flows when the chamber is full. The 
water is admitted to the chamber by turning a stopcock, and, after 
filling, the chamber overflows through the waste-pipe. As soon as 
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the dew is seen on the black glass, the thermometer is read and 
the stopcock tuvned off. When the moisture disappears the ther- 
mometer is read again, and the mean of the readings gives the dew- 
point. 

Darnell's Hygrometer. — This instrument conaiats of a bent glass 
tnbe with a bulb at each end. (Fig, 31.) It contains only ether and 
the vapor of ether, the air having been expelled in the naaking of 
the tube. One of the bulbs, A, is made of blackened glass, and that 
limb of the tube also contains an I 

enclosed thermometer. To use 
the instrument the whole of the 
ether is passed into the bulb A, 
and the other balb, which is sur- 
rounded by muslin, is moist- 
ened externally with ether. The 
evaporation of this ether from 
the muslin causes a condensation 
of the vapor of ether on the in- 
side of this bulb, with a diminu- 
tion of pressure. This difference 
of pressure produces a transfer 
of vapor from A to B, with re- 
newed evaporation from the sur- 

e of the ether in A, and a 

luction of temperature in this 
part of the instrument. The mo- 
ment the dew appears on the 
blackened surface of the bulb, 
the temperature of the enclosed 
thermometer is read. If the temperature is again read at the 
moment of disappearance of the dew, the mean of the two readings 
will give the dew-point more accurately than either separately. 

The temperature of the air is given by a thermometer attached 
to the stand of the instrument. 

Regnaulfs Hygrometer. — This instrument (Fig, 32) consists oi 
two glass tubes, A and B, terminating at the bottom in polished 
silver cups which are nearly filled with ether. A thermometer 
passes through the stopper of each tube and has its bulb dipping 
into the ether. The tube B has also two smaller glass tubes, c and 
d, passing through its stopper. The lower end of the tube c dips 
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well into the ether, and the upper end is open to the external air 
The tube d passes through the stopper but does not extend to the 
ether. The outer end of this tube is connected bj a rubber tube 
to a cyliodrica) vessel, Y, which 
Fia. S2. is closed at each end by stop- 

cocks. This vessel when filled 
with water constitutes the as> 
pirator. To make an observa- 
tion with this instrument, both 
stopcocks are opened, and, by 
the escape of the water &om 
the aspirator, air is drawn from 
the tube B, and the external air 
passes through the tube c to 
supply its place. This inflowing 
air produces agitation in the 
ether, causing evaporation and 
consequent reduction of tem- 
perature, and at the same time 
tends to preserve a uniform tem- 
perature throughout the ether. 
When the temperature of the ether has been thus sufficiently low- 
ered, a deposit ofdew will take place upon the silver surface, which is 
more readily seen by contrast with the other cup. The reading of 
the enclosed thermometer at the first appearance of the dew on the 
silver gives the dew-point. The mean of its readings at the appear- 
ance and disappearance of the dew is usually taken as the correct 
temperature. The thermometer in the other tube indicates the 
temperature of the air. Neither in this instrunient nor in Daniell's 
can the indications be too high if the thermometers are accurate and 
the readings correct, but they may be too low. 

Alcohol may be used in this instrument instead of ether, which 
is an important advantage, since the boiling point of ether is so low 
(36° C.) that it is difficult to preserve it in hot climates. The agi- 
tation of the liquid and the fact that it is contained in a silver 
or good conducting holder are both important advantages over 
Daniell's hygrometer. 

When the dew-point is known, the humidity may be deters 
mined, as will appear from the following considerations : 

If a mixture of air and vapor be subjected to changes of temper- 



ature, pressure, or volume, and none of the vapor be condensed, both 
eonstituents wiil be affected alike, since they both obey Boyle's law 
and have the same coetBcient of expansion. In such a mixture, if a 
change of volume and temperature occur at the same time, as ia 
cooling, the pressure of each constituent and the total pressure will 

te increased or decreased alike. In other words, the pressure of 
each constituent and the total pressure will each be multiplied by 
same factor. Now, if the total pressure remains the same 
during a change of volume and temperature of such a mixture, 
the constituent pressures will also remain unchanged. The total 
pressure does remain the same (that of the atmosphere) when there 
is free communication between the altered air and the general 
atmosphere; consequently the constituent pressures are the same. 

It therefore follows that cooling the air down to the dew-point 
does not alter the vapor pressure. The actual vapor pressure in 
any portion of air is, therefore, equal to its maximum pressure at 
the dew-point. 

The dew-point might also, therefore, be defined as the temper- 
ature at which vapor at its maximum density would have the same 
pressure as that in the air at the time. 

If we know the dew-point, we can find at once from tables of 
Tapor pressure the pressure of the vapor in the air; and if we have 
the temperature of the air, we can find from the same tables what 
the pressure would be at saturation for that temperature. The ratio 
of the former to the latter is the relative humidity. 

Under the assumption that aqueous vapor has the same coeffi- 
cient of expansion as air and equally obeys Boyle's law, it follows 
that the ratio of the density of aqueous vapor to that of the air at 
different temperatures and pressures is constant. This ratio, as 
determined by Gay-Lussac, Regnault, and others, may be taken as 
.623, and it may be considered as constant within the ordinary 
range of temperature and pressure which exist in the atmosphere. 
Aqueous vapor is therefore .623 (§ nearly) as heavy as air at the 
same pressure and temperature. This same fraction (to within y^) 
for the density of aqueous vapor, referred to air at the same press- 
are and temperature, is given by the law of volumes. The above 
relations give the means for the determination of the absolute 
humidity, or actual amount of vapor in the air ; for the weight of 
the unit of volume of air at the standard pressure and temperature 
has been very accurately determined. This weight, as adopted by 



tha International Bureau of Weights and Measures, for a cubic foot 
of air at 32° F. and under 30 inches pressure is 566.53 grains. 
From the constants above given, the weights in the table on page 
43 are computed. The tables of vapor preaaure adopted by meteor- 
ologists are thoae made by Eognault. 

Hygrometers of Evaporation. — The Psychrometer, or Wd 
and Dry Bulb Hygrometer. — This instrument consists of two precisely 
similar thermometers mounted at a short distance from each other. 



The bulb of one i 
lary action throuj 
Fig. 33.) The ve 



i covered with muslin and kept moist by capiU 
h a string leading from a vessel of "water. (See 
tsel should have a small surface of liquid ex- 
posed, should be placed some distance from 
the thermometer, and should be at such level 
as to keep the muslin well moist but not 
dripping wet. 

When the temperature of the air is below 
freezing, the covered bulb must be dipped 
into the water and removed, and the water 
adhering to the bulb allowed to freeze. The 
evaporation then takes place from the shell 
of ice. 

The observations in both cases consist 
simply in noting the reading of the ther- 
mometers. 

The difference of reading between the 
two thermometers will evidently be greatest 
when the air is driest. The facility of ob- 
servation with this instrument at ordinary 
temperatures, and in extremely dry regions 
where the hygrometers of condensation act 
with difficulty, baa brought it into very gen- 
eral use. 

For meteorological observations in the field, as distinguished 
from obaervations at permanent stations, and for hygrometrie obser- 
vations in connection with barometric hypaometry in the various 
surveys conducted in this country, the psychrometer is indispensable. 
It is evident that this instrument does not give the dew-point 
direct. Empirical tables have been constructed by a comparison 
of the simultaneous readings of the psychrometer and Daniell's 
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hygrometer taken at Greenwich for a long series of years. Tht 
tables give a ready means for determining the dew-point from the 
observations of the psycbrometer. 

It has been attempted to construct a rational formula for deter- 
mining the dew-point from tho obsorvationa of tbe psycbrometer, 
but as yet it has not been possible to eliminate uncertain assump- 
tions from tho data necessary to the solution of the problem. 

Chemical Hygrometer. — This apparatus {Fig. 34) eonsistB 
simply of an aspirator filled with water and connected at its upper 
extremity with a series of U-tubes containing pumice soaked 




sulphuric acid. The water is allowed to flow out of tbe aspira- 
tor by the lower stopcock ; tbe air which enters the aspirator to 
replace tbe water is obliged to pass through tbe tubes and leaves 
tbe moisture in them. The moisture from the air is left in the first 
tubes; the last tube is to absorb any moisture which might pass 
backward from the aspirator. Tho increase of weight in tho tubes 
evidently gives the weight of moisture which was in the air ad- 
milted, tbe volume of which is known by the volume of water J 
which has escaped. 
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CONDUCTION. 

When any portion of a metallic body is subjected to a higher 
temperature than other portions, there is at first a gradual rise of 
temperature in the surrounding parts, which is more rapid near the 
source of heat. After a time the temperatures of the different 
parts of the body cease to rise, and remain constant so long as the 
source of heat and the other conditions are unchanged. 

These effects can only occur by the transference of heat from 
part to part of the body through the intermediate parts. This 
transfer of heat through contiguous matter, leaving always par- 
ticles nearer the source at higher temperatures than others more 
distant, is called conduction, but there are two stages in the 
process. 

1. Variable Stage — Diffusivity. — When any part of the body 
as above stated is first subjected to a higher temperature, there is a 
gradual and continuous rise of temperature in all the adjoining 
portions. This variable stage is known by changes of temperature 
in the body, and therefore depends not only upon the heat trans- 
mitted from portion to portion of the metal, but also upon its 
specific heat. In this case it is evident that, since the temperature 
of each portion of the metal rises, a part of the heat transmitted to 
any particle is not passed onward but remains in the particle, as is 
evidenced by the increase of temperature. This transfer of heat, 
with accompanying partial consumption in elevating the tempera- 
ture of the medium of transfer, measures the diffusivity or ther- 
mometric conductivity. It varies directly with the transferring 
power of the metal, and inversely as the specific heat per unit of 
volume. 

2. Permanent Stage of Conduction. — The source ot heat 
and other conditions remaining constant in the case supposed, the 
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temperatures of all parts of the body after a time ceas6 to cbange 
and remain constant. By air-contact and radiation all tlio eurlaco 
particles of the warm metal are still giving oft beat, and since 
their tempei-aturea do not fall, boat is etiil being transfen-ed to 
them from the source. Since the temperature of none of the 
particles changes, though constantly receiving heat, it follows that 
every particle transfers just as much heat as it receives. This is 
the permanent stage of conduction, and the facility of transfer in 
this state is what is usually referred to as conducting power, 
though, as we have just shown, conduction in general must also 
involve thermometric conduction or diffuaivity. We shall hereafter, 
in this discussion, for brevity, use the term conductivity to refer to 
the permanent stage only. It is independent of the spociflc heat of 
the body, 

Determmation of Conductivity. — One definition of temper- 
ature has been given as " the state of a body or portion of matter 
with respect to its capacity to communicate heat to other matter." 
Conduction is the process by which boat is communicated to con- 
tiguous matter, and to determine conductivity we must measure the 
flow of heat in a unit of time, in the permanent state, due to the 
difference of temperature which produces it. 

The conductivity of a body is usually defined as the amount of 
heat which flows through a plate of unit area and of unit thickness 
in a unit of time when there is a unit difference of temperature 
between the sides. If we could have a plate of unit area, of unit 
thickneaa, and with a unit difference of temperature between the 
sides, and should then determine the quantity of boat passing through 
it in a given time, we should have an obvious means of determining 
its conductivity. But, for reasons which will subsequently appear, 
this simple and' direct means of determining the fiow of heat, and 
thereby the conductivity, cannot be employed. 

The measure of the pasaago of heat by conduction after the body 
has reached the permanent state has to be made in a more indirect 
way. One of the simplest methods and moat important in practice 
is by obaervation of the permanent distribution of temperature in a 
cylindrical maaa of the body, one end of which is subjected to a 
constant source of heat while the rest of the surface is cooled by 
exposure to lower temperature. 

This method, employed by Forbes with iron, will muke plain 
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the principles involved. A bar of iron, mounted as in Fig. 35, was 
kept at a constant temperature at one end, molten lead being used 
for the purpose. The bar, in the experiment here described, was 
8 feet long and of square section li inches on a side. The entire 
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surface of the bar, except the heated end, was exposed to the air. 
Holes were drilled in the bar and thermometers inserted at different 
points, metallic connection between the bar and the thermometer- 
bulbs being secured by inserting a few drops of mercury or 
amalgam.* 

After a sufficient lapse of time the bar arrived at the permanent 
state, and the thermometers showed a gradual decrease of tempera- 
ture from the heated end outward. The farther end was not sensibly 
raised in the temperature. It is evident by this means the distri- 
bution of temperature along the bar could be obtained. If we deduct 
the temperature of the atmosphere from that of the various points 
of the bar, we shall know the excess of temperature of these points 
of the bar above that of the atmosphere. These numbers may be 
used as the ordinates of a curve which will indicate the excess of 
temperature along the bar, above that of the atmosphere, the axis of 
the bar forming the axis of abscissas. This curve will represent this 
excess the more accurately the greater the number of points at which 
the temperature of the bar is determined. The curve will intersect 
the axis of the bar at the point at which the temperature of the bar 



* General considerations of the problem of conduction demonstrate that the 
temperature is practically the same throughout each cross-section of the bar. 
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is tho same aa tbnt of the atmosphere, — at the point at which the 
effects of tho soTiree of heat cease to be felt in the bar. 

Let C D B, Fig. 3G, represent such a curve of temperature. 
Since the bar has reached the permanent state, it is clear that all 
the heat which crosses any section, as e /, passea into tho air by 
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radiation and convection. We shall know then the amount of beat 
which is conducted across any section, e f, of the bar, in any time, 
if we can determine the amount of heat given off in the same time 
fi^m the portion of ibe bar beyond that section. 

By actual experiment on a similar bar, heated to a high temper- 
ature and subjected to the same atmospheric conditions as the first, 
the determined rate of caoling would enable us to calculate the 
amount of beat lost by this bar, per unit of length, per unit of time, 
at each temperature within the range employed. This knowledge 
■would enable us to calculate the losa in a given time in any portion 
of the other experimental bar, since we know the stationary distri- 
bution of tempei'ature in it from the curve of excess. This was 
the method adopted by Forbes.* 

By thus being able to determine the heat given off in any time 
by any assigned portion of the bar, we are enabled to know the 
quantity of beat which passes in the same time through any sec- 
tion j and by comparing this quantity with the rate of diminution 



• Forbes determined the heat giv 
fall of temperature in the har itself; i 
bar per unit of volume (from the spei 
the actual quantity of heat given out 



n out bj his second bar in cooling by the 
id hy caleulaticg the spociQc heat of tha 
flc gravity and specific heat) he obtained 



78 ELEMENTARY LESSONS IN HEAT. 

of temperature* per unit of length along the bar as shown by the 
temperature curve, we ascertain the conductivity of the bar at the 
temperature of the section, or the flow of heat due to the difference 
of temperature which produces it. 

In this comparison of the flow of heat with the decrement of 
temperature, it is assumed that the flow of heat is, first, directly pro- 
portional to the difference of temperature between the sides of the 
section considered, and, second, inversely to the distance between 
them. This first assumption is in accord with all experiments for 
small differences of temperature, and is probably true at all tem- 
peratures, but neither it nor the second assumption has been fully 
verified by experiment. Peclet's * experiments are sometimes quoted 
as a verification, but they cannot be fairly taken as such. 

Making this assumption, and denoting by Q the quantity of heat 
which flows through any section, x its thickness, v and t/ the tem- 
peratures of the two sides, A the area of the section, and t the time, 
we may write generally 

X 

in which k is the conductivity and depends on the material experi- 
mented with ; and if A and t equal unity we have 

V — i/ 



Q = k 



X 

V — v' 



Now, by reference to the temperature curve it is seen that 

X 

is the tangent of the angle which the downward slope of the teraper- 
ature-cui*ve makes with the axis of the bar. From the above we have 



V — t/ 



X 

This value of k, by Forbes's method, is given entirely in terms 
obtained by experiment, and, if the sections of the bar could be taken 
continuously, we might write 

dx 

in which — is the rate of decrement of the temperature along the 
dx 

* Annales de Chimie et de Physique, tome 2, Sine i^rie. 
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bar, or the tangent of the temperature gradient at any point, but, I 

since such a continuouB result can only be obtained by computation, | 

the value of k must depend partly on the assumptions above given. I 

It is, however, to be observed that conductivity must be deter- I 

mined by the quantity of heat which paaaes, and that this can only 1 

depend upon the nature and dimensions of the body and the difference | 

of tompei'uturD between its parts, and these all enter the expression 1 

for the value of k, and that, although this value depends partly on I 

the assumptions given above, it is at the same time possible from I 

the experimental values of Q, (or passing to the limit — ) to | 

ascertain the correctness of the assumptions themselves and also to I 

ascertain whether k varies with the temperature. It is plain that J 

by using different substances their conductivity may be similarly I 

determined. 1 

It will now be evident why the direct method of determining I 

absolute conductivity, suggested by the definition, cannot be fol- I 

lowed. The curve of temperature within a body is determined by 1 
the mutual influences of the temperature conditions to which all the 

different parts of the body are subjected, and it is entirely impossi- J 

ble to fix arbitrarily the tomperaturea of difi'erent parts of a body I 
by bringing these parts into contact with otlier bodies at different 
determined temperatures. Under the influence of the first body the 

temperatures of the applied bodies are changed, which change is J 
further increased by their action on each other through the medium 

of the first body, so that the temperature of no two parts of a body I 

at different temperatures can be fixed arbitrarily, but must be ] 
known from experiment. If the applied temperature conditions to 

which a body is subjected are permanent, it will itself reach the per- I 
nianont state and its temperature curve can then ho known by ex- 
periment only. 

The expression q^ k^H^Z^t i 

is frequrntly said lo give the flow of heat thraiigb a subElaccQ whon the con- ] 

ductivity ia k, the area s, tblcltnosa x, &nd tho time (, when the two aides are | 

kept at the temperatures ii and ii' and when there is no heat lost laisratly. Tbia j 

last condition may be practicallj' attained by having tbe area ao great that tha | 

lateral loes is insignificant when compared with that which passes tranaveraaly, I 

or tbe lattral loss may ulso bo made insignificant by proper coverings. The I 

other condition of tbe problem is clearly impossible: the faces cannot be kept i 

at D and i', but will aasiimt temperatures depending upon the temperatures of J 



the bodies contiguous to itnd near them. The diseusslon of such r problem is 
accordingly not only useless but mis leading, and has caused a great deal of 
confusion in tbe diaeusaion of this subject. A proper statement of the relations 
implied in the above equation is that it gives the quantity of heat which flows 
through any section whose area is s, and thickness x, in the time t, when the 
two aides of the section aemime the temperatures v and v' under the conditions 
of the experiment. The conductivity through any section under these condi- 
tions being determined, the conductivity through a giveji thickness, with a 
ffiveri difference of temperature between the sides, must be computed from the 
assumptions already referred to. 



Determination of Diffusivity. — If one part of a body be sub- 
jected to periodic variations of temperature and the periodic varia- 
tions at other points be observed, the diff\isivity of the body may be 
calculated. The explanation of the method is not deemed appro- 
priate in tbe present work. 

When the diffusivity is known and the specific heat per nnit ot 
volume also known, the conductivity is given. 

Absolute and Relative Conductivity. — The absolute con- 
ductivity of wrought iron, from the determinations of Forbes,* 
Tait.f Angatr6m,J and Neumann,§ may be taker as 0.20, The abso- 
lute conductivity of copper, from the determinations of the two 
experimenters last named, may be taken as 1.0. In the above num- 
bers the C. G. 8. scale is employed, and, considering copper, is 
equivalent to saying that heat sufficient to raise a gramme of water 
one degree C. in temperature will pass through a plate of the metal 
one centimetre square and one centimetre thick in one second of 
time, when the two surfaces differ in temperature by one degi-ee, 
the copper having reached the permanent stage as above described. 

The conductivity of iron was found to diminish as the temper- 
ature increased, and accoi-ding to Tait it is at a minimum somewhere 
about red heat. According to the same authority, iron is an excep- 
tion in this respect, the majority of the metals improving in conduc- 
tivity with rise of temperature. The following tahle gives the ap- 
proximate relative conductivities of the metals named, copper being 
taken as 100. 
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Copper 100 | Tin 19.8 I 

Silver 135.9 Lead 11.6 I 

Gold 72.1 I Plfttiniim 8.7 I 

The absolute conductivity of copper being known, we may from I 
tbiB table of relative conductivities calculate the absolute conduc- J 
tivities of the other metals. I 

From the absolute conductivities, the diffusivities may be com- I 
putod by dividing by the thermal capacity per unit of volume. 1 
Denoting the absolute conductivity by k, and the thermal capacity 1 
per unit of volume by c, the diffuflivity is — ; c is obtained by mul- I 

tiplying together the specific heats and specific gravities of the I 
respective metals. I 

Conductivity of Solids. — As a class the solids are the best I 
conductors, and among these the metals stand first, stone second, I 
and wood third. I 

The difference in the conducting power of substances explains I 
many familiar phenomena. If we enter a room the temperature ot I 
which is below that of our bodies, and place the hand upon different j 
articles in the room, different sensations of cold will be experienced; J 
on the other band, if the temperatui'e of the room be above our I 
own temperatures, some of the bodies will appear warmer than I 
otherfl, though in each instance the bodies in the room are at one ] 
temperature, — that of the room. In tho fii-st ease it is the better j 
conductors which feel colder, and in the second they feel warmer, I 
the difference being due to the facility with which they take heat I 
fi-om and give it to our bodies. I 

The knowledge of the relative conducting powers of substances I 
Is important in many practical applications. In our houses the 1 
material and thickness of the walls must be considered both for I 
economy and comfort. The walla should be of non-conducting ] 
material, bolh for keeping (horn warm in winter and cool in sum- 1 
mer. Wood and brick are poorer conductors than stone. 

Conducting Power of Liquids. — With the exception of mer^ ] 
cury and molten metais, liquids are very poor conductors. This I 
can bo shown in a very simple way by heating tho upper part of a J 
column of liquid and observing tho variations of temperature below, 1 
which will be exceedingly slow and scarcely perceptible. Water 
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may be placed in a test-tube over a piece of ice held down by a 
small weight, and the upper portion of the tube may be heated and 
the water boiled for a considerable time without melting the ice 
below. Of a large number of substances liquid at ordinary tem- 
peratures, Guthrie determined that water had the greatest conduct- 
ing power.* The absolute conductivity of water as determined by 
Bottomley is greater than that of wood, and about -^ that of 
copper. 

Conducting Power of Gases. — The conducting powers of 
gases are very feeble and difficult of measurement. It is, however, 
possible, assuming the kinetic theory of gases, to calculate con- 
ducting powers with perhaps more accuracy than they can be 
determined by experiment. We know that all gases are exceed- 
ingly bad conductors, and wherever gases are enclosed in small 
cavities so as to prevent their circulation, the system produced is a 
bad conductor. This is the cause of the feeble conducting power 
of furs, eider-down, felt, and loose woollen and cotton cloths. 
Materials of this kind when used for clothing are warm because 
they prevent the escape of heat from the body. If a garment of 
down or fur be pressed flat so as to remove the air, it will be a much 
better conductor and less warm. 

The snow which often covers the earth in cold climates has air 
nearly immovably imprisoned within its flakes, and is an excellent 
non-conductor of heat. Snow thus often protects the rootlets which 
would otherwise freeze and prevent perennial vegetation. The 
conducting power of hydrogen is superior to that of other gases, 
and that of the air is about -— ^- that of copper. 

20>000 ^'^ 

Notwithstanding the poor conducting power of gases and 
liquids, we know that they can be cooled and warmed very readily. 
This is due to the fact, already mentioned, that they expand by 
heat and rise, while the colder fluid descends, and thus are estab- 
lished the convection currents previously discussed. 

From the above principles it is evident that, if a fluid be heated 
at the upper surface or cooled at the lower, variation of temperature 
away from these surfaces will take place very slowly. Ap air- 
space is thus often made an immense protection to upper rooms 
from the sun's heat. 

* Trans. R.S. 1869. 
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RADIATION. 



In conduction a transfer of heat takes place between contiguous J 
particles of matter. Madiatiort is tbe process by which a, transfer 1 
takes place between bodies not in contact. Thus considered, radio- I 
tion coDBiBts of three distinct phenomena, — emisBion, transmission, I 
and absorption ; and three bodies are concerned, — the body from I 
which the heat passes, that throuf/h which it passes, and that to j 
which it passes. 

Radiation distinct from Conduction. — In conduction the J 
spread of heat to points remote from the source can only taka 1 
place by the warming of the intervening medium, so that any por- 
tion of the medium is at higher temperature than all other portiona 
more distant from the source. In mdiation no elevation of tem- 
perature of tbe intervening medium seems essential to the transfer 
of heat to distant bodies. Badiation takes place through many 
bodies without sensible elevation of temperature, though all bodies 
are probably slightly heated. 

Conduction is a gradual, while radiation is an almost instan- 
taneous process. The heat radiated from a hot body to another 
may be instantly cut off by a screen, and resumes its full intensity 
as promptly upon the removal of the screen. By conduction heat 
travels from the hotter to the colder parts of the medium, whatever 
the direction be; by radiation, in a homogeneous medium, the heat 
travels in straight lines. 

General Properties of Radiant Heat. — It is now generally 

believed that both radiant heat and light are the results of a vibra- 
tory motion whioh ia transmitted through space in undulations or 
waves by an all-pervading medium called lumioiferous ether; and, 
before considering radiant heat in j-olation to the physical proper- 
ties of particular substances, we shall give some of the most 
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important general properties of radiant heat a8 determined by 
experiment. 

1. Eadiant heat travels through a vacuum or homogeneous 
medium (with an exception to be named) in straight lines, as can 
be readily shown by means of opaque screens. 

2. From a heated point it would be emitted in straight lines 
equally in all directions ; hence the heat energy which in a given 
time falls on a given area is inversely proportional to the square of 
the distance of the area from the radiating point. The velocity of 
propagation of radiant heat has not been directly measured, but 
there is the strongest possible reason for believing it to be the same 
as that of light. 

3. Eadiant heat is reflected from a polished suiface and the 
direction of the reflected ray is determined by fixed laws : 

First. — The reflected ray lies in the plane of incidence.* 
Second. — The reflected and incident rays make equal angles 
with the normal to the surface at the point of incidence. " 

Owing to the inequalities of even the finest polished surfaces, a 
portion of the reflected heat makes with the normal an angle dif- 
ferent from the incident ray. This irregular reflection is called 
diffusion of heat, and must be distinguished from the phenomenon 
designated under conduction by the term diffusivity, 

4. In addition to the part of the heat which is regularly and 
irregularly reflected from the incident surface, a certain quantity 
usually, probably always, penetrates the second medium : of the 
quantity thus entering the body a certain proportion is always 
absorbed. In general, if the incident heat is not normal to the sur- 
face of the second medium, the portion which penetrates it will 
undergo refraction or be bent out of the original direction, and the 
refracted ray will lie in the plane which contains the incident ray 
and the normal to the surface at the point of incidence. 

Theory of Exchanges. — Before proceeding to describe more 
in detail the phenomena attending the radiation of heat, it will be 
well for the student to understand what is meant by the Theory of 
Exchanges. This theory asserts that all bodies are constantly 
giving out heat by radiation, at a rate depending upon their sub- 

* The plane of incidence is the plane passing through the incident ray and 
the normal to the surface at the point of incidence. 
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stance and temperature, but iEdependent of the eubstance and teni- I 
peratiiro of tbo bodies auiTOunding tbem; and that wbetber thel 
body remains at tbe aarao temperature or alters its temperaturei 
depends upon wbetber it receives aa mucb beat from other bodies I 
as it yields up to tbem. This theory is now generally received, J 
and, while affording explanation of many phenomena, it baa alaol 
suggested new truths whieb have afterwards boon experimentally I 
verified. I 

The tbeory is frequently called Prevost's theory, after its author, J 
It has been developed by De la Provostnye, Desains, Kircbboff, and J 
Balfour Stewart. Tbe last named baa made a very aalisfactory I 
diacussion of the tbeory in bis Elementary Treatise on Heat, but it 
cannot be sufficiently condensed for insertion here. The oompro- 
henaion of the tbeory will facilitate the conception of many of Ihe^ 
principles subsequently involved, and it will conflict with none. In-'J 
deed, the theory is sustained by all experimental invoatigation of tbaj 
subject of radiant heat. 1 

The general properties of radiant boat Ibus far given indicate J 
its similarity to light, but the analogy ia still more striking when the I 
more special phenomena attending the I'adiation of heat are com- I 
pared with the corresponding optical phenomena. Some of tbeaa 1 
we now proceed to give. I 

Light and Heat Spectra of Bodies. — If a beam of sunlight 
be made to fall obliquely upon tbe aide of a glass prism whose edge 
is vertical, two phenomena will be observed. The direction of the 
beam will be changed in passing through the prism, and it will no 
longer be white light but will be separated into its constituent colore. 
If we should try this experiment in a darkened room and place 
behind the prism a screen, we should find an oblong apace on tbe 



Bcreen illuminated by (be various coloi-a, as indicated in tbe diagre 
Fig, 37. All these coloi's would be bent out of the original direction j 
of the beam, the red least and tbe violet most. In this case tbe 1 
colored space is called the solar spectrum, and if it be formed from 1 
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any other body it is the spectrum of that body. The spectrum thus 
formed is but a series of overlapping colored images of the slit or 
opening through which the beam of light passes, due to the unequal 
refraction of the different colors. The spectrum may also be formed 
by a reflecting diffraction-grating, this grating consisting of a sys- 
tem of close equidistant parallel lines ruled on glass or polished 
metal. Such a spectrum is generally designated as a normal spec- 
trum, and in it the positions of the colors are determined by the 
corresponding wave-lengths. 

In the normal spectrum the maximum heating effect does not 
coincide with the maximum light effect, the former being in the 
orange-yellow and the latter in the yellow. These positions vary 
slightly with the extent of the earth's atmosphere through which 
the heat and light pass, and consequently with the altitude of the 
sun. The above-given are for the sun in the zenith. The heating 
effect is found throughout the spectrum and for a short distance 
beyond the violet smd/ar beyond the red end. 

We thus see that the grating which produces the light spectrum 
also produces a heat spectrum, extending throughout the light 
spectrum and beyond on both sides, the maximum of the heat effect 
being near the red of the spectrum. With the spectra of the other 
luminous bodies results are observed analogous to those here given 
for the solar spectrum. 

Refraction of Heat. — From the distribution of heat in the 
spectrum as above described, the bending of the heat rays out of 
their original course, or refraction, is clearly implied. Melloni first 
showed in a more direct way that heat from a non-luminous source 
was capable of refraction. By using a lens and prism of rock-salt 
between the non-luminous source of heat and the thermopile,'^ he 
showed conclusively that the heat could be bent out of its course 
and concentrated to a point in the same manner as light. Forbes 
showed that the refrangibility of non-luminous heat was less than 
that of luminous rays. All lenses for kindling by the sun's heat 
depend upon the property of refraction. 

Reflecting Power. — The reflecting power of a surface is 
measured by the proportion of the incident heat which is regularly 



*The thermopile is an instrument giving electrical indication of very slight 
changes of temperature, and capable of detecting very small quantities of heat. 
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reflected from it. This property of Bubfilancea has been investigated 
by Leslie, Melloni, Desains, and De la Provostaye, The first named 
determined the relative reflecting power, taking brass as a standard ; 
the throe last named determined the abaolute power. It was shown 
by Desains and De la Provostaye that for diathermanous substances, 
or such as permit heat to pass through tbem, the reflecting power 
increased as the angle of incidence was increased. For metals, 
which do not transmit heat, the reflecting power varied very slightly 
with the angle of incidence, and after the angle had reached about 
75" a further increase caused a decrease in reflecting power. Tbey 
also showed that the reflecting power varied with the source of beat. 
These phenomena are entirely analogous for light. 

Some of the results of the experimenters last named are here 
given ; the source of heat was luminous, an oil lamp being used. 



Burning Mirrors. — This reflecting power is made use of in 
all burning mirrors, and the construction of such mirrors depends 
upon the laws of reflection already referred to, and may be used to 
verify tbem. All rays either of beat or light falling upon a properly 
constructed concave mirror from a direction parallel to its axis are 
reflected to its focus. Tschirnbauaen'a mirror which was eon- 
Btructed in 1687 was about six and a half feet in diameter, and was 
capable of fusing copper and silver. Instead of curved mirrors, 
plane movable ones may be so arranged as to converge their 
reflected rays to a point and thus produce a powerful effect. Such 
was the reported arrangement by which Arcbimedes is said to have 
destroyed the Roman fleet in the siege of Syracuse. 

Irregular Reflection of Heat. — The irregular reflection of 
heat which is designated diffusion, and probably resulting as pre- 
viously described, is often felt very strongly from a white wall or 
other white surface exposed to the direct rays of the sun. Tbat 
this heat cannot be due to radiation from the heated surface is shown 
by the fact that it instantly attains its maximum, instead of rising 
gradually as it would if it were radiated from the body. Moreover, 
the heat thus diflTused from bodies in direct sunlight always agrees 
in properties with the heat fi'om a highly-heated soui-ce, which 
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could not be the case if it were radiated from the body at its actual 
temperature. The irregular reflection of heat and of light take 
place in the same manner, and the laws in the two cases so far as 
they are known are analogous. 

Emissive Power. — It is a familiar fact that the hotter a body 
is the more heat it emits, but temperature is not the only condition 
which affects the quantity emitted. It was observed by Leslie in 
1804 that different substances have very different emissive powers 
even at the same temperature, and he compared the emissive powers 
of various substances by a method similar but less perfect than the 
one now to be described. 

Melloni determined the relative emissive powers of a number of 
substances for dark heat by means of the thermopile (already 
referred to) and a cube filled with water kept at the boiling point, 
and having its different faces covered with different substances. 
The relative emissive powers of the different substances were given 
by the electrical currents produced in the thermopile when the 
respective faces of the cube were allowed to radiate heat to it, 
these currents being indicated by the deflections of a galvanometer 
needle in circuit with the pile. 

By similar means De la Provostaye, Desains, Tyndall, and others 
have also made determinations of this power in different bodies. 
The relative emissive powers of the non-metallic substances named 
below are from the determinations of Leslie and Melloni. Those of 
the metals were determined by Desains and De la Provostaye. 



Lamp-black 100 

White lead 100 

White paper 98 

Crown glass 90 



Polished silver 2.5 

Gold-leaf 4.8 

Copper foil 4.9 

Polished platinum 9.2 



It was found that the radiating power of the same substance 
varied with the condition of the surface, whether it was polished, 
rough, or tarnished. In general, the more dense and compact the 
surface of the body, the smaller its emissive power, and polishing 
only seemed to diminish the emissive power when it affected the 
density of the surface layer. 

The thickness of the radiating layer was also found to exert an 
influence on the quantity of heat emitted at a given temperature 
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from such substances as were parceptibiy transparent to heat and 
therefore gave off heat from particles below as well as at the sur- 
face. For bodies which are practically opaque to heat, as metola, 
the effect of variation of thickness was imperceptible. 

Absorption of Radiant Heat. — When radiant heat falls upon 
a body, whatever portion of it is not regularly or irregularly 
reflected penetrates the substance of the body; this penetrating 
portion may be partially transmitted through the body without 
affecting its temperature, or it may be partially or wholly taken up 
in the body with increase of temperature. The portion which is 
stopped in the body is called absorbed heat. In bodies which are 
opaque to heat, absorption, like eniission,is a surface action, but in 
diatbermanous bodies it takes place below the surface. Experiment 
proves that different substances have different absorbing powers, and 
that those which have the greatest emissive powers have also the 
greatest absorbing powers: the correspondence is not only general 
but exact; the numbers which express the radiating powers also 
express the absorbing powers, and what affects the one affects the 
other, It is also found that the absorbing power of the same sub- 
etance varies with the source of heat. Prom the above statement 
in regard to the relation existing between the reflected heat and 
that which penetrates the body, it is evident that a good absorber 
must be a had reflector and a good reflector a bad absorber of heat ; 
and experiment proves such to be the case. The numbers which 
have been given for the emisBivo powers also indicate the relative 
absorbing powers of the same substance. 

Diathermancy, or the Transmission of Heat. — We have 
above stated that of the heat which falls upon a body a portion is 
reflected, regularly or irregularly, and the remainder enters the 
body, The portion which enters the body may be entirely absorbed, 
or partially absorbed and partially transmitted. Diathermancy 
refers to the power which bodies have of transmitting heat r it 
corresponds with the property of transparency for light. 

It has long been known that some of the heat from an intensely 
laminons source, as the sun, could pass through certain transparent 
substances, as glass, but it was not known that this was the case 
with heat from & non-luminous or feebly luminous source. Fictet 
was the first to establish the fact of diathermancy for radiant heat 
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in general, and Prevost proved that it could not possibly be due to 
absorption and subsequent radiation by showing that such heat 
passed through ice. Many investigations have been made as to 
this property of bodies, and some of the more important conclu- 
sions are here given. 

Effect of Source of Heat. — As a general rule, the same sub- 
stance transmits unequal quantities of beat when the source of beat 
is varied, the amount increasing with the temperature. 

The following table, from the results of Melloni, shows the pro- 
portion transmitted, out of 100 rays, from the different sources : 



Source of Heat. 



1 



Substance. 



i Locatella's 
I Lamp. 



Bock-salt . . . 
Calcium fluoride 
Plato glass . . 
Selenite .... 

Alum 

Ice 



92 
78 
89 
14 
9 
6 



Incandescent 

Platinum 

wire. 



92 
69 
24 

6 

2 

0.5 



Copper at 



92 
42 
6 






Copper at 



92 
88 







• 



Bock-salt is seen from the table to transmit the same proportion 
from each source, and Melloni concluded that is was perfectly dia- 
thermanous, but it has since been shown that such is not the case, 
and that, though its absorbing power is in general small, it is 
still perceptible and in particular cases, yet to be referred to, it is 
very great. 

Influence of the Nature and Thickness of the Material. 

— From the list given in the table (which is from a much more ex- 
tended one), it is seen that from the same source the transmitting 
powers of different substances are very different, and that for sub- 
stances equally transparent to light, as rock-salt and alum, the 
transmitting powers are greatly different. The transmission of 
heat and light, then, in general are apparently not connected, and 
one cannot be taken as a measure for the other; but it should here 
be stated that, if the transmission from a distinct and separate por- 
tion of the spectrum be considered, then a substance which is trans- 
parent to the light (say red) of that portion also transmits the heat 
of the same portion. 
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With successive strata of the same material and tbickneaa, in 
general the amount -transmitted by the first, in proportion to the 
amount falling upon it, ia less than with the succeeding strata ; or I 
we may say that a plate of given material in general exercisei 
eifting effect upon the rays of heat, and that such sifted rays are J 
then better fitted to pass, and do pass with less obstruction, through 
a plate of the same material. The effect of varying thickness is in ] 
general as stated, but Masson and Jamin have shown that, if tho 
beat of a separate and distinct portion of the spectrum be passed 
through successive strata of the same thickness and material, the 
amount transmitted decreases in a geometrical progression as the 
thickness increases in arithmetical progression. This simple law 
for the absorption of the solar heat by the earth's atmosphere was 
assumed more than a century ago, and has until recently been gen- 
erally employed to determine tlie solar constant, — that is, the amount 
of heat which would fall in a unit of time upon a unit of area nor- 
mally exposed at the earth's surface if there were no atmosphere. 
The recent extended and valuable labors of Prof. Langley have con- 
clusively shown that the earth's atmosphere exerts a remarkable 
sorting power upon the solar rays, and that tho above simple law 
is inapplicable to the case. 

Prof. Tyndall showed that a solution of iodine in carbon bisul- 1 
phide, though very opaque to light, permitted heat to pass in great 
quantity. 

Absorptive and Emissive Powers of Gases. — It has been 
determined by Tyndall that the absorptive powers of elementary 
gases for heat from sources at low temperatures are less than those j 
of compound ones ; oxygen, hydrogen, and nitrogen, in the quanti- 
ties experimented upon, exert an almost inappreciable effect, while 
defiant gas (C,H,) exerts about one thousand times as much. Tho 
absorptive power increases with the density, but, in case of high 
absorptive power, not proportionally to it. The same lack of ci 
nection between transparency for light and for heat was observed 
in the case of gases as has been referred to in the case of solids. 
Thus ammonia, which was quite trausx^arent to light, was black or 
opaque to beat, while chlorine allows heat to pass more freely 
though much less transparent to light. 

The absorptive power of vapors or the more readily condenaihle 
gasea was even greater than that of the raoi'e permanent compound 
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gases : thus the power of ammonia was greater than that of defiant 
gas, and carbon bisulphide and alcohol had still higher powers. The 
most important of TyndalFs conclusions refer to the vapor of water, 
which, weight for weight, transcends all other gases or vapors in 
heat-absorbing power, so much that, according to him, though 
amounting on the average to less than one-half of one per cent, of 
the whole atmosphere, it exerts an absorbing action many times 
greater than the air through which it is diffused.* 

Tyndall also examined the emissive power of gases, and found, as 
in the case ofsolids, that the best absorbers were also the best radiators. 

Prof. Langley has demonstrated that the earth's atmosphere 
exerts a much greater absorbing power on the solar rays than was 
formerly supposed, so much so that something more than one-third 
of this energy is absorbed by the atmosphere when the sun is in 
the zenith. According to him, the amount of heat which would fall 
upon a normally exposed surface of a square centimetre area at the 
earth's surface in a minute if there were no atmosphere is three 
calories, — that is, it would raise one gramme of water three degrees 
in that time. This is probably the most accurate determination yet 
made of the solar constant 

Prof. Langley has also shown that, contrary to the general 
opinion, the longer waves of solar heat are more readily transmitted 
by the earth's atmosphere than the shorter ones, and, consequently, 
the dark solar heat more readily than the luminous. In such greater 
proportion are the shorter waves absorbed that if one could be above 
our atmosphere the sun would be blue. 

^ Laws of Cooling. — In determining the emissive powers of sub- 
stances as described, it is evident that what was measured was not 
the actual amount of heat emitted in a given time, but, according to 
the theory of exchanges, merely the difference in the rate of ex- 
change between the radiating body and the surrounding objects, 
including the thermopile. If the pile gives back as much heat to 
the radiating body as it receives from it, no matter how much this 

* The determinations of Magnus make the absorbing power of water vapor 
much less than that given by Tyndall. The results of Magnus's determinations 
are supported by the investigations of Hoorweg and Dr. Buff, and it now seems 
certain that Tyndall greatly overestimated the action of water vapor. An 
account of the last-named experiments may be seen in Pogg. Annalen der 
Physik., Bd. civ., clviii. 
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might be, the method of observation described would indicate no i 
eniiesion whatever. By varying the temperature of the pile it is 
evident that the indicated emissive power could be made to vary 
while the absolute quantity of heat emitted was the same, or by 
varying the temperature of both body and pile the indicated emis- 
sive power would remain unchanged while the actual quantity of 
heat emitted would change. It is plain, then, that the emissive 
powers thus determined establish no apparent relation between the 
temperature of the radiating bodies and the absolute amounts of 
heat emitted. 

Law of Dulong and Petit. — To ascertain whether such rela- 
tion existed, Dulong and Petit determined the rate at which the 
same body cooled in vacuo when its initial temperature exceeded 
that of the enclosure by different known amounts. They ibund 
that the rate of cooling or quantity of heat emitted in a given time 
depends not only upon the difference of temperatui-e between the 
radiating body and the sun-ounding objects, but also upon its abso- 
lute temperature, and that the rate of cooling for a constant excess 
of temperature increases in a geometrical progression as the tem- 
perature of the enclosure or suiTOunding bodies increases in an arith- 
metical progression, and that the ratio of the progression is constant 
whatever be the excess of temperature. It may be here remarked 
that these results can be shown to be in accord wit liPrevoat's theory. 

Prom the above relations Dulong and Petit were enabled, in 
accord with Prevosl's theory, to express the dependence of the rate 
of cooling of a boated body upon its temperature and its excess of 
temperature over that of the enclosure.* 

It was supposed by Newton that the rate of cooling of a heated 
body was directly proportional to its excess of temperature over 
that of surrounding bodies, and this statement constitutes New- 
ton's law, but from the above experiments it is seen not to be true 
in general. However, Newton's law is sensibly accurate for small 
differences of temperature between the body and enclosure, and for 

• The form of the equation is £ = C (o ■■" — a ), in which S is tbe rate 
of cooling, C ii a constant depending upon the ms.it, extent of surface, specific 
beat, and emissive power of tlie body, a is the ratio of the rate of cooling when 
tlie temperature of the enclosure is 1° to the rate when it is 0°, the escess heing 
the same in the two cases, t is the temperature of the enclosure, and S the ex 
of temperature of the lienlod body above tlie onclosure. 
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dififerenceB not exceeding 15® or 20® corresponds very closely with 
the formula when the temperature of the enclosure is constant. 

Interference, Polarization, and Diffraction* — In addition 
to the analogous phenomena attending the radiation of heat and 
light already referred to, there are others even more important in 
establishing the exact relation between heat and light and the exact 
nature of heat energy. We here merely name these phenomena. 

Interference, — There are methods by which two rays or beams of 
light can be made to produce darkness ; this phenomenon is desig- 
nated interference of light. Two beams of dark heat can also be 
made to interfere so that the thermic effect of the two beams is less 
than of one. 

Polarization, — It is also known that a ray of light after passing 
through a properly prepared plate of tourmaline will pass through 
a similar plate when held in a certain position, but not otherwise. 
This modified ray is said to be polarized. There are many other 
ways of polarizing light with results similar to the above. Heat 
may be polarized in the same way as light. 

Diffraction, — When light passes, under certain circumstances, by 
an opaque body or through a narrow aperture, certain luminous 
effects are produced out of the direct line of the rays. Exactly 
similar phenomena have been observed with heat, and hence we see 
that heat can be diffracted as well as light. 

It may here be added that the phenomena just mentioned are 
the strongest supports of the theory that radiant heat and light are 
the results of a vibratory motion of an elastic medium, and that the 
vibrations take place in directions perpendicular to that in which 
the undulations advance, — that is to say, in a direction transverse to 
the direction of the ray. 

Distinction between Radiant Heat and Light. — From the 
foregoing facts of this chapter, the marked analogy between radiant 
heat and light is evident, and, without further detailing their 
common characteristics, we may add that all their known properties 
point to the conclusion that there is no difference of a fundamental 
kind between them. On the contrary, all investigations combine 
to prove that radiant heat and light are the results of the same 
physical agent, the distinction between them being subjective rather 
than objective. This agent is now universally believed to be the 



moving molecules or particles of the body in which the phenomena 
of heat and light are observed to exist, and the condition of bodies 
as regards heat and light depends entirely upon the vibratory motion 
of their molecules. We have seen from the action of the grating 
that rays exist of rofrangibilities much greater and less than those 
Tvhich compose the light spectrum, and, with the normal spectrum, 
the least refrangible rays extend far outside the red, while the moat 
refrangible are beyond the violet. As has been observed, the greatest 
heating effect at the earth'8 surface is near the red, but Langley 
has shown that above the earth's atmosphere, owing to the greater 
absorption of the more refrangible raya, this maximum ia trans- 
ferred towards the violet. The more refrangible rays at the violet 
end of the spectrum and beyond have the property of acting more 
readily upon certain salts of silver, and the chemical effect is here a 
maximum. The physical distinction between these different parts 
of the spectrum is believed to be one solely of wave length. The 
dark spectrum beyond the red and violet is but the natural pro- 
longation of the luminous one. and is caused by wave lengths which 
do not affect the visual organ, while those lengths which produce 
light do affect it. When the beat-wave length is greater than 
0.000812 of a millimetre, and a little less than one-half this length, 
it ceases to produce luminous effect, though the heating effect in the 
first instance and the chemical effect in the second are very marked. 

Prof. Langley has shown that the invisible heat spectrum, ol 
greater wave length than red light, is many times the width of the 
visible spectrum, — as much as twenty times. The longest heat-wave 
length recognized a half-dozen years ago was 0.0015 millimetre, but 
't the above-named physicist has succeeded in measuring lengths, from 
the sun as well as from other sources, of 0.03 millimetre. 

A body at a low temperature emits only dark heat. Ab the 
temperature rises, the emission of dark heat becomes more ener- 
getic, and at the same time more refrangible rays are given off; the 
luminosity, to the human eye, begins when the red rays appear and 
goes on to include rays of other colors. Only bodies at the highest 
temperature give out waves of all lengths. Generally speaking, 
the rays which constitute the visible spectrum are the more trans- 
missible, the extreme rays being most readily absorbed ; but this is 
not always the ease, for, as we have already stated, rock-salt is 
nearly as transparent to the ultra-red from the sun as it is for light, 
and a solution of iodine in carbon bisulphide is very transparent to 
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the ultra-red and opaque to luminous ones. Eock-ciy8tal,pure quartz, 
is very transparent to the ultra-violet rays. The departure from this 
law in the ease of the earth's atmosphere has already heen noted. 

It is also seen from the foregoing facts that the same substance 
stops the heat and light rays of the different parts of the spectrum 
unequally, and it has also been noted that certain bodies entirely 
stop the polarized beam. The peculiarity of heat, whether of 
polarization or wave length, which causes diflferent rays to be 
unequally absorbed is termed quality. The increasing temperature 
of a body, besides developing rays of increasing refrangibility or of 
different wave lengths, also increases the quantity of each partic- 
ular refrangibility, so that the higher the temperature the more 
energetic the radiation of every degree of refrangibility. 

In conclusion, it may be accepted that heat and light are but 
varieties of the same physical agency ; that light is heat which 
affects our sense of sight, while dark heat does not thus affect us."" 

Selective Emission and Absorption.-^The accepted view as 
to the nature of the beat agent enables us to connect together the 
various phenomena which come under this head. According to this 
view a hot radiating body is one whose molecules are in rapid vibra- 
tion, and different bodies have different periods of vibration, which 
periods alter with the temperature, so that shorter periods are in- 
cluded at higher temperatures, and these vibrations are communi- 
cated to the luminiferous ether and propagated by it in undulations 
in all directions. Those conditions of a body which promote the 
transfer of its vibrations to the ether constitute it a good radiator, 
and the conditions which enable a body to take up the vibrations 
from the ether make it a good absorber. If the particles of a body 
can execute vibrations of only certain periods, they can take up or 
give out only that particular vibration ; hence we have a conceivable 
explanation of selective absorption and emission. 

A direct consequence of these principles is that bodies are opaque 
to their own radiation. Thus Stewart has shown that rock-salt, 
which is nearly transparent for most sources of heat, is nearly 
opaque if another piece of rock-salt be the source of heat. Glass 
readily absorbs heat of low refrangibility, such as is emitted by non- 

* Melloni asserted this fact as far back as 1843, but it was not generally ac- 
cepted as such until quite recently. 



RADIATION. 

luminous bodies, but allows the luminous heat (light) to pass almost 
uninterruptedly. Accordinglj', glass when heated emits abundantly 
noD-luminous heat but very little light. Eed glass absorbs green 
light, but if it be heated white-hot it will give out in the dark the 
same color. 

It haa been shown by experiment that any bodies whatever, 
placed in a highly-heated furnace and allowed to acquire the tem- 
perature of the furnace, will not alter the light emitted from it, 
The bodies ivben cold may be opaque or transparent, colored or 
colorless, yet all will exhibit the same color in the furnace, — that of 
the furnace itself. This is explained when we remember that a 
body which absorbs certain kinds of rays emits the same on its own 
account, SO that the radiation which it sends to the eye is partly its 
own and partly that transmitted from the coals behind, and the 
total is exactly the same as that which ■comes from other portions 
of the fuel. With an opaque body (such as poiished platinum) this 
totality will be in large part due to reflected heat, but the result 
will be the same in kind and amount as that from the coals. It 
these bodies be taken out of the furnace, they will, in the dark, 
while hot, exhibit the tints due to their own emissions. A black 
body in Buch an enclosure would have the same tint as the others, 
but, being both non-reflective and nearly opaque to visible emana- 
tions, all its light is proper to itself, and, if taken out of the furnace 
into the dark, it would exhibit the tint of the enclosure. 

The vibrating periods of gases are more sharply defined than 
those of solids or liquids, and they exhibit a more perfect equality 
of selective radiation and absorption. The vapor of sodium stops 
completely that portion of light which corresponds to a definite 
shade of yellow produced by its own combustion, and thus produces 
a dark line in the yellow of the spectrum. 

Summary and Conclusions. — From the facts of this chapter 
wo are enabled to draw the tbllowiug conclusions r 

In general, good radiators are good absorbei's of beat and bad 
reflector;^. Absorption and radiation are both surface actions in the 
case of bodies which, like lamp-black, are nearly opaque to heat, 
except of the greater wave lengths; metals are also practically 
opaque. In diatbermanous bodies radiation and absorption go on 
in the interior also, so that a thick plate absorbs more heat than a 
thin one. and, at the same temperature, radiates more. 
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Bodies when cold absorb the same kind of rays that they give 
out when hot. Lamp-black is the most perfect absorber and radi- 
ator, it being devoid both of reflecting and diffusive power. Its 
absorbing power is also most nearly independent of the source of 
heat. It absorbs all rays nearly alike, the luminous as well as the 
dark ones. Lamp-black is accordingly taken as the standard sur- 
face of absorption, absorbing in the greatest degree every variety 
of ray which falls upon it.* It is consequently, also, when hot, the 
typical radiator, giving out the maximum amount of heat which 
any substance at the same temperature could possibly give out; 
moreover, it gives out the maximum amount of each kind of heat 
that can be given out by any body at that temperature. A heated 
body at first gives off obscure rays, but as the temperature rises a 
proportion of luminous rays are emitted ; the ratio of the luminous 
to the obscure heat rays is in the case of all ordinary sources small. 
Tyndall showed that even with the electric light this ratio was only 
one-tenth. All colored substances owe this element of their beauty 
to their partial behavior with reference to the different visible rays, 
and the popular impression which attributes warmth to the red and 
orange tones correctly, though probably unconsciously, expresses a 
physical fact. 

We see also that a body may be a good reflector of luminous 
heat (light) and an excellent absorber of dark heat ; white lead is a 
body of this kind. Domestic utensils, as tea- and coffee-pots, which 
are intended to retain heat, are more efficient when they have 
polished metallic surfaces ; while the outside of stoves should be 
black, and apparatus for heating by radiation should not be of 
polished metal, as is frequently the case with hot-water apparatus. 
Fireplaces should be lined with fire-brick to radiate heat into the 
room, at the same time keeping up the temperature of the fire. 
Glass screens transmit the light from the fire but intercept the 
larger part of the dark heat ; glass for the same reason is efficient 
in conservatories. 

Eadiation and conduction are the only processes by which heat 
as such ever leaves a body, and while there is, as we have pointed 
out, a distinction between the processes, their ultimate effect is the 
same, — viz., to reduce all bodies to the same temperature. 

* Prof. Langley has recently shown that, for the greater wave lengths 
which he has succeeded in detecting, lamp-black is nearly transparent. 



CHAPTEE IX. 

THBRMO-DYNAMICS. 

Thermo-dynamics is that branch of science which treats of the 
relations of heat to other forms of energy. 

We are here principally concerned with the relations between 
heat and mechanical effect. That heat can be made to produce work 
is a fact familiar to all. Indeed, heat is through engines the most 
important source of mechanical power that we possess. 

Many familiar facts also supply us with illustrations of the pro- 
duction of heat by the expenditure of mechanical energy. Some 
examples are here given. 



Heat by Friction, — The commou method of lighting a match 
by friction is one of the simplest illustrations of thia eonvorsion of 
mechanical energy into beat. Formerly the American Indians, by 
rapidly rotating a small rod of wood while pressing it firmly against 
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a depression in another piece, managed to ignite fine dry shavinga 
and thus kindle their fires. Other savages are eaid to accomplish a 
similar result in a similar manner. 
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An experiment of TyndalFB illustrates the same principle. He 
mounted a small tube (Fig. 38), so that it could be rapidly rotated 
about its axis ; when filled with water and closed by a cork and 
rapidly rotated, while pressed between two pieces of wood covered 
with leather, the cork was blown out by the steam developed by 
the heat due to the friction.* 

In the year 1798 Count Bumford published results of experi- 
ments as to the large amount of heat produced by friction in the 
boring of cannon. He called attention to the fact that the source 
appeared "evidently to be inexhaustible," and argued that any- 
thing which could under the conditions be thus furnished without 
limitation could not be a " material substance." And he declared 
it "extremely difficult if not impossible to form a distinct idea 
of anything capable of being excited and communicated in the 
manner that heat is communicated in these experiments, except it 
be motion." 

Sir Humphry Davy in 1799 showed that two pieces of ice 
could be melted by rubbing them together in vacuo at a tempera- 
ture of 0° C, and he concluded that " Heat is motion, and its laws 
of communication are the same as those of the communication of 
motion." 

The energy expended in compressing the air in a fire-syringe 
may be made to develop heat enough to inflame the vapor of carbon 
bisulphide and produce light. To accomplish this a piece of cotton 
may be moistened with carbon bisulphide and placed at the bottom 
of the syringe (Fig. 39) ; the piston may then be inserted, and it 
suddenly shoved down a flash of light will be visible. 

The evident production of heat in the above case was formerly 
accounted for by supposing that the capacity of the gas for heat 
was diminished by pressure, and that the heat which it contained 
was thus enabled to raise it to a higher temperature, the pressure 
thus serving to squeeze out the caloric^ and hence a development 
of heat. The same idea was appealed to for an explanation of 
the development of heat in a piece of soft iron when rapidly 
pounded while resting upon an anvil. These explanations were 
based upon the belief that heat was a material substance, and it 
was held that these and all similar phenomena could be explained 

* Ajngi'xinire of water and alcohol will accomplish the result with less work. 
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ae depending upon altered distribution without any production of 
heat. 

Rumford, in the experiments above given, attempted to show- 
that this explanation was in- 

Bufficient, by proving that the ^"'- ^"■ 

metal shavings from the bored 
gun had the same capacity for 
heat as the metal in bulk. Had 
he shown this conclusively, his 
experiments would have been 
fatal to the material view of 
heat; but, although he ahowed 
that the heat developed was 
out of all proportion to what 
might be expected by auch 
view, he failed to consider that 
his metal chips were in a dif- 
ferent physical condition from 
the metal of the gun, and, for 
his experiments to have been 
eonciusive, they should have 
been the same. 

Davy's experiments, as 
above given, were entirely con- 
elusive as to the immateriality 
of heat, but, like Rumford, hie 
failure to consider that the ice 

and water produced were in different physical conditions made 
his reasoning less conclusive. Rumford was so impressed with the 
idea that beat was not material that he sought to determine the 
ratio of heat to the work necessary to develop it. Notwithstand- 
iog these suggestive experiments of Rumford and Davy, the ma- 
terial view of heat was almost universally entertained until about 
1840. 

The idea that heat and mechanical energy are deSnitely con- 
TBTtible seems to have been entertained by a number of men at 
about this time. Seguin in France in 1839, Mayer in Germany in 
1842, Colding in Denmark in 1843, and Joule in England in 1843 to 
1849 made and published determinations of the mechanical equiva- 
lent of beat. So far as the others were concerned, each of these 
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philosophers may be said to have been independent and original in 
the investigations here referred to. 

To Joule, however, must be given the credit of having first estab- 
lished exact numerical quantitative relations between mechanical 
energy and heat, thereby causing the general acceptance of the 
mechanical theory of heat. 

Mechanical Equivalent of a Unit of Heat. — The unit of 
heat has been already defined (p. 35), and to determine the amount 
of energy necessary to be expended in producing this heat was the 
object of Joule's experiments. Joule's method of experiment was 
to cause the mechanical energy of a descending weight to produce 
friction between iron plates, or to agitate different liquids (water and 
mercury) by means of a paddle-wheel. In the first case, of friction 
between iron plates, the plates were enclosed in a cast-iron vessel 
filled with mercury. The heat developed was measured by the rise 
of temperature in the liquid agitated, and, in the case of the iron 
plates, by the rise in the surrounding mercury. The weight was 
allowed to descend many times and the mechanical work thus ex- 
pended accurately computed. As accurate corrections as possible 
were made for all losses of heat by radiation, conduction, rigidity of 
cords, and friction outside the calorimeter, etc. The thermometers 
were capable of indicating variations of -^ of one degree F. 

The conclusions of Joule were : 

1. That the quantity of heat produced by the friction of bodies, 
solids or liquids, is proportional to the force expended. 

2. That the quantity of heat necessary to raise the temperature 
of 1 pound of water (weighed in vacuo between 55^ and 60® P.) 
1° F., requires for its evolution the expenditure of the mechanical 
energy represented by the fall of 772 pounds through a distance of 
1 foot. 

These experiments were made at Manchester, England, and 
although the foot-pound does not denote exactly the same energy 
at all points of the earth's surface, the variation is not greater 
than the probable error of the determination ; we may therefore 
say that the energy comprised in one pound-degree Fahrenheit 
is 772 foot-pounds. For a centigrade degree this number would 
be 1390. 

If we take for units the kilogramme-degree C. for heat, and the 
kilogramme-metre for work, this number becomes 424, since a kilo- 



gramme is 2.205 pounds aud a metre 3.281 feet. For the gramme- 
degree C. and the gramme- centimetre it is 42,400. 

These numbers are known as Joule's Equivalents in the respec- 
tive systems. Joule's recent determinations (1878) do not sensibly 
change this number, and it is pi-obably con-ect to within j^ of its 
own amount (Eankine), 

Prof. Rowland, of the Johns Hopkins University, has also 
determined the mechanical equivalent by using Joule's method of 
agitating water by a paddle-wheel. The apparatus devised by Prof. 
Rowland could hardly be surpassed in the perfection of arrange- 
ment necessary to accurate results. The advantages of Rowland's 
arrangement as compared with Joule's can only be fully appreciated 
from a full description, such as cannot be here given. The mean 
difference between Rowland's and Joule's determinations, when the 
latter' s temperatures were reduced to tboae of the air thermometer, 
amounts to only 1 in 430. Prof. Rowland's determinations showed 
conclusively that the specific heat of water decreased with an in- 
crease of temperature, and his value for the mechanical equivalent 
of a unit of heat when water is taken at the temperature of 60° F. 
is 778.9. Prof. Rowland thinks that subsequent experiments will 
not change his results more than 1 in 600. At 16.6°, the equivalent 
temperature on the centigrade scale, the number is 1402. 

There ai-e other methods for determining the mechanical equiva- 
lent, and the agreement of all the results is now deemed conclusive 
that equal quantities of mechanical energy always correspond to 
the same amount of heat. 

The measuremeut of the work done by heat, or the inverse of 
Joule's problem, was first accomplished by Hirn in 1862. His 
results, when the mechanical difficulties of the problem are con- 
sidered, are completely confirmatory of Joule's. 

When heat is measured as a quantity, it should be remembered i 
that the temperature or condition of the body in which it exists is 
immaterial. The mechanical equivalent of a definite amount of 
heat is always the same, no matter what the temperature of the 
body in which it exists. The heat, however, is more available for 
conversion into mechanical energy when at a high temperature. 

First Law of Thermo-Dynamics. — A correct espressiou for 
the relation between beat and mechanical energy constitutes the 
First Law of Thermo-dynnmies. It is expressed by the equation 
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TV = JHj in which W denotes work, J Joule^s equivalent, and H 
heat units. 

When heat is admitted to be a form of energy and the theory of 
the conservation of energy is accepted, the tinith involved in the 
above expression is axiomatic, and it is but a particular case of trans- 
mutation of energy. Work is not energy, but rather the operation 
or process by which energy is transmuted. The amount of work 
is measured by the energy transmuted, which is always left behind 
in some other form. 

This transmutation of heat into mechanical energy and of 
mechanical energy into heat is so familiar that it barely needs to be 
referred to. All steam-boats, cars, steam-pumps, power engines, 
etc., derive their useful motion and work from the heat energy of 
the burning coal in their furnaces. In these same cases we find the 
energy of the moving parts by friction and concussions producing 
heat. 

Heat Consumed in Expansion. — When a gas expands with- 
out having to overcome external resistance, that is, without doing 
external work, its temperature is not sensibly changed ; but when it 
does external work its temperature falls. A gas which develops 
mechanical power in expanding can only be kept at a constant tem- 
perature by the addition of heat to it, and the heat necessary to be 
thus added is nearly, though not exactly, the thermal equivalent 
of the work done by the gas during expansion ; the approach to 
equality being the nearer, the nearer the gas approaches the condi- 
tion of a perfect gas. Consequently, if a gas does work without 
transfer of heat to or from it, the thermal equivalent of the work 
must disappear as heat. It is thus evident why it was necessary to 
make a distinction between the specific heat of a gas at constant 
volume and at constant pressure. The work done by a gas on ex- 
panding against uniform hydrostatic or pneumatic pressure may be 
computed by multiplying the increase of volume by the pressure 
per unit of area. 

Thermic Engines. — In all forms of thermic engines work is 
obtained by means of expansion produced by heat in some elastic 
fluid, the expansive force usually acting on a piston travelling in a 
cylinder. Of the heat received from the source by the fluid a frac- 
tion only can under any circumstances be converted into mechanical 
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■work. A portion is lost by conduction through the parta of the 
apparatus, another portion remains in the fluid when it escapes into | 
the air or condenser, and a third portion has disappeared and ceased I 
to exist, for the time being, as heat. The heat thus converted or I 
utihzed bears to that received from the source a simple relation de- 
pending only upon the temperatures of the source and refrigerator, i 
The second law of thermo-dyn amies refers to this relation, and one 
of its expressions may be made in this form : No part of the heat of j 
a material object by the action of natural processes alone can be coti- 1 
verted into Ttiechanical energy except by allowing other heat to pass from I 
that body into another body at a lower temperature. I 

In the conversion of heat into mechanical energy by engines, or 
doing work by means of heat, the expanding fluid (as air in the 
hot-air engine, or steam in the steam-engine) is called the working 
substance. In order that the process may be continuous, it is evi- 
dent that the action of the machine by which the conversion is ac- 
complished must be periodic ; that is to say, after a series of changes 
all parts of the machine must return to tho same relative positions I 
and conditions aa at the beginning; and to facilitate the conception 
here desired, the condition of the working substance at the end of ' 
the operation will be taken the same as at the beginning. A series 
of operations by which this result is accomplished is called a cycle. 
If the working substance is not in exactly the same condition at the 
end of the cycle as at the beginning, we should have to know the 
energy involved in tho change of condition before we could estimate 
the other work involved in the cycle. I 

To determine the law governing the perlbrmance of work by 
the conversion of heat into mechanical energy, recourse is had to . 
a conception of Sadi Carnot set forth in 1824, and brought into i 
renewed prominence by Prof, (now Sir William) Thomson in 1848. 
Carnot's machine is an entirely imaginary one and impossible of 
construction, and used only for scientiflc illustration and deduction ; 
but by describing a;i ideally perfect engine he brings out the points 
to be kept in view in the construction of possible engines in any case. ' 
This ideal engine is usually known as Carnot's reversible engine. 

Carnot's Cycle. — The conception is as follows: 
Suppose we have a cylinder, with piston P (Fig. 40), containing I 
air as the working substance, though we might take any other. The i 
walls of the cylinder and the piston are absolute non-conductors and 
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non-absorbers of heat, the bottom of the cylinder is a perfect con- 
ductor and without specific heat; heat to and from the cylinder 
can only pass through this bottom. Tf is a body which is a perfect 

non-conductor and non- 
Fio. 40.-cARNOT'8 ENGINE, absorbcr of heat, S and 

li are bodies at tempera- 
tures which remain con- 
stant during the opera- 
tion, that of JS* being 
higher than that of JO, 
Let us suppose that 
the cylinder stands on 
W and the piston is any 
distance above the bot- 
tom, and the working 
substance (which we 
will hereafter for brev- 
ity indicate by ws) at 
the temperature of JO, 

1st Operation. — Let 

the piston be depressed 

until the temperature of 

ws rises to that of S, 

2d Operation. — Now transfer the cylinder to the hot body -ff, and 

allow the piston to rise : the expansion of ws tends to produce a fall 

of temperature ; but this is prevented by heat flowing in through the 

perfectly conducting bottom of the cylinder, and ws expands at the 

temperature of ^ and the piston ascends through a certain distance. 

3d Operation. — ^Now move the cylinder back to W and allow 

the piston to rise, and let ws expand until its temperature falls to 

that of Lf then stop the expansion. 

4th Operation. — Now transfer the cylinder to the colder body i 
and depress the piston. The temperature of ws would rise, but it 
is prevented by the heat flowing through the bottom of the cylinder 
into L, When the piston is depressed to the point at which we 
commenced in the first operation, let the cylinder be transferred to 
W. Everything will now be exactly as it was in the beginning, and, 
with the imagined arrangement, the operation can be repeated in- 
definitely, a cycle being completed each time these operations are 
gone through with. 




0^' D' B' c 

Fig. 41.— geometrical illustration. 
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Work done during the Cycle,— During the cycle there were 
two elevations and two depressions of the piston. During the ele- 
vations work was done hy ws (working subatanco), measured by the 
average pressure on unit of area in each case multiplied hy the 
diatance through which the piston moved ; during the depressiona 
■work was done upon ws, measured in each case in the same way. 
Since the piston at the end of the cycle is in the same position aa at 
the beginning, the sums of the eloyationa must bo equal to the sums 
of the depressions : and since the elevations took place at the higher 
temperature, the average pi-esaures during the elevations must have 
been greater ; therefore, the work done by ws during the elevations 
must have been greater than that done npon it during the depres- 
sions. As these operations can be continued indefinitely, we have 
a means of obtaining useful work. 

Transference of Heat during Cycle. — From the conditions 
imposed upon our ideal engine, it will be seen that there was no 
transference of heat to or from the cylinder, except during the 
second and fourth operations. During the second operation heat 
was taken from the hot body, and during the fouith heat was given 
to the cold body. 

Results and Conclusions, — At the end of the cycle every- 
thing is, so iar as we are able to discover, exactly as at the com- 
mencement; more work has been done by the substance than upon 
it, and a certain quantity of heat has been taken from the hotter 
body and a certain quantity transferred to the colder body. The 
principle of the conservation of energy, which cannot be shaken by 
any evidence yet available to us, teaches that the useful work (the 
excess of work done by over that done upon ?os) must arise from 
some expenditure of energy. With our present knowledge the 
only conceivable source is the heat taken in during the second 
operation, and therefore we conclude that the heat taken in during 
the second operation is greater than that given out during the 
fourth by an amount equivalent to the useful energy.* 

* Camot thought that the useful energy wua due to the losa of temperature 
ly the heat. He thought thst the energy of ft given quantity af heat waa 
greater when it existed in a hot body than when in a cold one. Wo now know 
that the raechanicftl energy of a given quantity of heat ia the 3<ime, no matter 
At what temperftture it exists. 
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If W represent the useful energy obtainable from the engine, 

W 
and Q the heat communicated to it at the higher temperature, — 

Q 

measures the efficiency of the engine ; or if §' equal the heat given 

out by ws at the end of the operation, the efficiency may be written 

Q ' 

or the efficiency of the engine may be defined as the ratio of the heat 
converted into work to the whole amount which enters the engine. 

Geometrical Illustration. — The above cycle of operations 
may be illustrated geometrically as follows :* In our cylinder the 
distance between the piston and the bottom of the cylinder is always 
proportional to the volume of the working substance ; now let, in 
the diagram (Fig. 41, p. 106), A% J^, (7, and 1/ be the positions of 
the piston at the end of each operation, and the bottom of the 
cylinder, and let AA', BB^j 0(7, and DI/ be perpendiculars propor- 
tional to the pressures at these points. 

At the end of the fourth operation and at the beginning of the 
first, the piston is at I/, During the first operation the volume is 
decreased and the pressure increased, the piston moving to A\ The 
work done during the compression is equal to the mean pressure 
exerted on the piston multiplied by the distance A' If, The mean 
pressure is somewhere between A and D, and the product is the 
area AA'I/D; the work is proportional to the area and may be 
represented by it. In the same way it follows that the work in the 
2d, 3d, and 4th operations may be represented by the areas A! ABB, 
RBCC\2iXidaCDiy respectively. 

The work done hy ws during the whole expansion is represented 
by the area A' ABC (7, that done upon ws during compression is 
represented by the area A' AD 0(7, and the difference or balance 
of useful work is represented by the area A B D. It is likewise 
provable that the area A! ABB! described under the circumstances 



^ The diagram is known as the ^* indicator diagram,'' and is very conven- 
ient for representing and explaining to the eye the working of a fluid of 
variable volume. It is not deemed necessary here to fully describe the princi- 
ples of this method of indicating the working of a fluid. The statements 
referred to in connection with the diagram are susceptible of easy proof. 
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is proportional to the heat imparted to ws during the 2d operation, 
and the area D" D CC ia proportional to the heat given out by ws 
during the 4tb operation, and that heat has disappeared represented 
by the area A B CD, which is the representation of the work done; 
the ratio 

A BCD 

A'ABB- 
on the diagram represents the efficiency of the engine. 

Principle of Reversibility. — This hypothetical engine of ' 
Carnot's ia also reversible, — that is to aay, all the operations de- 
scribed may be performed in the reverse order, as follows : 

Referring to Fig, 41, let us begin at the temperature of the 
colder body L and volume Uf (on diagram), let the cylinder be 
placed on L and allow expansion from volume U to C ; ws 
(working substance) will receive from Jj a quantity of heat. Let 
the cylinder then be transferred to TF and the piston comprosaed 
until the volume is OB"; ics would then have the temperature of 
S. Now transfer the cylinder to .S^and press the piston to volume 
OA'; during this operation ws will give out a quantity of heat to 
S. Lastly, transfer the cylinder to W and let expansion occur to 
Ojy,- WS will then be in its original atate. Now, by considering 
the di«(/rnm, and remembering that the areas marked out are pro- 
portional to the work done during the motion of the piston and 
also to the transfers of heat during the Ist and 3d operations, it is 
seen that more work is done upon ws than by it, and that more heat 
is communicated to S than was taken from X. The same fact is 
evident when we consider that the work done upon ws is during the 
compression of the piston, and that by it during the elevation, and 
that the former takea place at the higher temperature, 

With such an engine we see that it is possible to transfer heat 
from a body at a lower to one at a higher temperature, but that auch 
result can only bo accomplished by the expenditure of mechanical 
energy. If we accept this as the only moans of such transfer (and 
our experience compels us to deny every other), it can be readily 
shown that the eflciency of a reversible engine is the greatest that 
can be obtained with a given range of temperature. No engine, 
therefore, could be more perfect than a reversible one; hence, 
. reversible engines being perfect, they all convert the same propor- 
tion of the heat received into mechanical energy when working 
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between the same temperatures of source and refrigerator, no 
matter what the working substance be. It can be farther shown, 
from the principles of the indicator diagram, that the quantity of 
work can only be increased by increasing the quantity of heat taken 
in, or with the same quantity of heat by increasing the difference 
between the temperatures of the hotter and colder bodies which 
diminishes the amount given out. 

Absolute Temperatures. — The conceptions of Camot, as Sir 
W. Thomson* has pointed out, give also the conception of a scale of 
temperatures the definition of which is independent of the nature 
of any particular substance. From the above principles it is seen 
that qtuintities of heat and intervals of temperature are the only ele- 
ments upon which the useful work of a perfect engine depends, and, 
if the quantity of heat taken in by the working substance be con- 
stant, the useful work depends only upon intervals of temperature 
between the source and refrigerator. If the intervals of temperature 
then be so divided that the number of divisions is proportional to 
the quanties of heat converted into useful work, then these divisions 
will be as definite and absolute as are our measurements of quanti- 
ties of heat. 

On a scale with such divisions or degrees the numbers of degrees 
between different intervals would be proportional to the amounts of 
useful work done by a perfect engine when working through these 
intervals and taking in the same quantity of heat each time. Now, 
if the temperature of the hotter body be fixed and the quantity of 
heat taken in bo fixed, the useful work done depends only on the 
temperature of the lower body or refrigerator. If the temperature 
of the refrigerator be so determined that the useful work done shall 
be equal to the total heat received, we could not possibly have more 
work than this from that amount of heat; consequently such a 
point would be the absolute zero and we would be precluded from a 
negative temperature on such a scale. 

In terms of such a scale as just described the efficiency of a 

perfect engine can be shown to be equal to — — — , or 

g~y ^ T—r 

Q T ' 



* Cambridge, P. S. P., June, 1848. 
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in which Q is the qDantitj of beat taken in, Q' tbe quantity given I 
out, and T and T the absolute temperatures of the source and I 
refrigerator respectively. From the above we have 

£ _ £. 

T T" 

or, absolute temperatures may be defined as such as are propor^ I 
tional to the quantities of boat taken in and given out by perfect J 
engines. 

From the above considerations it is seen that in order to con- 
struct a scale of absolute temperatures it is only necessary to deter- 1 
mine the maximum amount of mocfaanical energy that a given T 
quantity of heat (say one unit) is capable of giving out during its I 
transmission from a body at one temperature to another at a lower j 
temperature; that is, the same amount as would be given out by a I 
perfect engine between these temperatures. The discussions of I 
Oamot'a idea! engine have shown what physical properties, capable 
of experimental determination in certain working substances 
necessary to obtain this amount of work.* By taking the nui 
of degrees between the temperatures considered the same as that | 
by any of our ordinary scales, it is evident that the s 
absolute degrees will be equal to the mean value of the degree on 
the scale used. The comparison of the absolute thermo-dynamio I 
scale with that of tbe air thermometer shows them to be almost | 
exactly the same, the absolute zero on the two scales is within 
fraction of a degree centigrade of the same point, when the absolute 
ther mo- dynamic degrees are so taken as to make 100 between the ) 
freezing and boiling temperatures of water. 

In concluding this diacussion of Carnot's cycle, it may be well to ' 
add that in practice the cycle is not usually completed, the same 
portion of the working substance not being made repeatedly service- 
able. At a certain point of its expansion the working substance J 
may be discharged into the atmosphere and a fresh portion taken In j 



* The eiperimenu necasaar7 t» be made on the working aubstsn^e for the I 
deUrmi nations or the quunlities or best taken in and given out by a perfect 
engine have not bson successfully made, but in a different way the absolute ( 
dynamical sciila bus been compared with the so-called absolute scale of airlher- 
moniBter. {See Maxwell's Theory of Heat.) 
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to supply its place. In the ease of steam, when a condenser is used, 
the water produced is returned to the boiler, but here the regularity 
of the cycle is broken by the abrupt condensation of the steam before 
it has done all the work of which it is capable. In general a portion 
of the useful work in engines has to be sacrificed to avoid a greater 
loss in establishing a complete cycle. Besides this loss of useful 
work there is loss of heat at every stage of the operation by radiation 
and conduction. But, discarding these sources of loss and assuming 
a perfect engine, it will be seen from the expression for the efficiency 

T—T 

that only a small fraction of the heat taken in is converted into 
mechanical energy ; for, suppose we have an engine working under a 
pressure of 130 pounds per square inch, this would require a temper- 
ature of 185^ C, which reckoned from the absolute zero would be 
458° for the upper temperature, and if the engine be non-condensing 
the lower temperature would be 373° on the absolute scale ; these 
numbers in the expression above give 

458 — 373 ^io , 

— -^ = 0.19 nearly. 

Steam-Engine. — We shall now explain the principles of the 
steam-engine and describe the essential parts. 

The earliest application of the principle for accomplishing use- 
ful work is said to have been made by Savery, an English mining 
engineer, about 1697. He invented a machine by which the press- 
ure of steam was made to force water from a receiver up through 
an ascending pipe, and then by condensing the steam, by the appli- 
cation of cold water to the outside of the receiver, more water was 
forced by atmospheric pressure into the receiver and the operation 
repeated. This was really a steam-pump, and was extensively used 
in draining mines. 

Papin, the inventor of the digester (page 52) and of the safety- 
valve, was the first to conceive the idea of making steam move a 
piston and thus communicate motion to mechanism. He con- 
structed in 1690 a working model which consisted of a vertical 
cylinder with a piston and a little water beneath it. By converting 
the water into steam the piston was forced up, and upon condensa- 
tion of the steam the atmosphere forced the piston down. Papin's 
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cylinder was also the boiler, and the condenBation was brought 
about by removing the cylinder from the fire and cooling it. 

Newcomen, Savery, and Comley in 1705 combined the cylinder 
and piston with tho separate boiler, and condensed the steam by in- 
jection of cold water into the cylinder. The descent of the piston 
was produced by the atmosphere, and hence the engine is generally i 
referred to as Newoomen's atmospheric engine. 

Apparatus for enabling the engine to open and close its own 1 
valves was introduced by Humphrey Potter in 1713, he being em- . 
ployed to perform this monotonous work by hand. The high-presa- 
ure engine was invented in 1725 by Leupold. 

In 1763 and 1764 James Watt, while repairing a model of New- 
comen's engine (belonging to the University of Glasgow and still 
preserved there), perceived tho defects of the machine and conceived 
the idea of improving it; in 1769 his first patents wore taken out. 
His first improvement consisted in the introduction of a separate 
vessel for the condensation of the steam. In the second improve- 
ment he substituted the pressure of steam for the atmospheric press- 
ure which caused the downward stroke in Newcomen's engine; the 
upward stroke was effected by means of a counterpoise, the steam 
pressing equally on the two sides of the piston. This engine suc- 
ceeded Newcomen's, and is known as the Single-Acting Engine, 
because only the down-stroke is produced by the steam. It is still 
frequently employed, because of the simplicity of its arrangements. 
It was not long before Watt perfected his engine by employing 
Bteam to produce both strokes. This is the characteristic of the 
Souhle- Acting Engine, and the improvements since Watt's time have 
been of detail rather than principle. Early attempts at steam navi- 
gation had been made before, but it was first established on a com- 
mercial basis in 1807 by Fulton on the Hudson River, New York. 
Fulton's vessel was driven by an engine -made by Boulton and 
Watt. 



Double-Acting Engine. — The principle of this engine is very 
simple, and will be understood from the figure (Fig. 42). The 
steam is admitted from the boiler to the top and bottom of the 
cylinder by the pipes a and b, and escapes fivjm the cylinder to the 
condenser through the pipes c and d. If the stopcocks a and d are 
open while b and c are closed, it is evident that the steam from tho 
boiler will force the piston in one direction ; and then, if a and d be 
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closed and b and c be open, the piston will be driTen in the other 
direction. By suitable connectiona with the rod of the piston this 
alternate motion can be converted into one of rotation. 

The principle by which this rectilinear motion of the piston is 
converted into circular motion is shown in the diagram (Fig. 43), in 



Fia. 42. 




..--%, 



which D is the cylinder, P the piston, r the piston-rod, f the con- 
necting-rod, and r" the crank. It will be seen from the figure that 
at the beginning and end of the stroke in this arrangement the 
piston-rod, connecting-rod, and crank are in the same right line, and 
pressure on the piston at these positions will not turn the crank 
either way. These positions of the piston are called the dead points. 
The momentum of the wheel or machinery to which the crank com- 
municates motion carries it beyond these points, and the motion is 
continued. 



Arrangements for Admitting Steam, — In the shove simple 
description we have supposed the cocks to be operated by hand, 
but the opening and closing of steam-passages is really effected 
automatically, and the distribution of steam is regulated by valves. 
The arrangement of the simplest form of slide-valve is shown in the 
figures (Figs. 44 and 45). The steam, instead of entering the cyl- 
inder direct, first passes into the steam-chest G. Besides the opening 
for the admission of steam in the chest, not shown in the figure, there 
are three other holes called ports j two of these, a and a', communi- 
cate with the cylinder at the opposite ends, and the other, S, com- 
municates with the condenser. D is the slide-valve, and in this case is 
exactly the length contained between the outer edges of the steam- 
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porta, and ite faces are juBt sufficient to cover the widths of the steam- 
portB. In Fig. 4S, when the valve is at the upward part of its stroke, 
the steam is admitted lo the lower part of the oylindor from the ohesfr 1 




and GBCapea into the condenser from the upper part through the 
port a' and H; the, reverse is the case when the valve is down. 
The slide-valve is moved automatically by the engine itself by 
means of an eccentric. 

As eccentric is a species of crank. A simple form coneietB <^ a 
circular piece of metal e (Fig. 46), called the eccentric. This is 
traversed by the shaft 

of the engine in a point • Fio, 4t). 

other than the centre. 
The eccentric is firmly 
attached to and re- 
volves with the shaft. 
This eccentric turns 
inside a ring of metal, 

which ring is rigidly connected to the frame-rod T. It is evident 
that the rotation of the shaft will cause a reciprocating motion in T, 
which by suitable gearing can be made to move the valve. The 
distance from the centre of the eccentric to the centre of the shaft 
is called the eccentric radius. 

Modification of Valve for Expansive Working. — By the 
simple valve just described and when the radius of the eccentric is 
at right-angles to the crank, steam is admitted on one side of the 
piston during the whole length of the strokcj and the port to the 
condenser, or exhaiist on the other side, is also open during the same 
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time. In such an arrangement steam of the same density and press- 
ure acts on the piston during the entire stroke, and steam only 
begins to be admitted to the cylinder as the valve moves from its 
central position (Fig. 44), and the steam is completely exhausted 
from the cylinder on the side of the piston toward which motion 
takes place, because the exhaust on that side is open all the while 
the piston moves in that direction. 

In practice these features do not exist. The steam is cut off 
comparatively early in the stroke, and acts by expansion during 
the remainder of it ; the exhaust is also closed before the end of the 
stroke, so that the steam left in the cylinder is compressed and acts 
like a cushion before the advancing piston, and the arrangement is 
such that steam is admitted just before instead of just after the 
beginning of the stroke. 

These first two objects are usually accomplished by increasing 

the width of the faces of the 
valve, as shown in Pig. 47; 
the width added to the out- 
side is called outside lap, the 
other the inside lap. By such 
an arrangement the admis- 
sion and escape of steam is 
cut off earlier than with a 
valve without lap, and the expansive action of the steam is secured 
on the driving side of the piston and the cushioning effect on the 
other. 

In working expansively the part of the stroke at which the cut- 
off occurs varies considerably, — sometimes at half-stroke, sometimes 
at one-quarter, and sometimes at one-fifth of the stroke. The above 
is not the only way of regulating the amount of expansion. 

The amount by which the admission steam-port is open at the 
commencement of the stroke is called the lead, and is brought about 
by the proper adjustment of the positions of the crank and the 
radius of the eccentric. 

The above arrangement is usually sufficient for ordinary engines 
which work in one direction, but, where engines have to be fre- 
quently reversed, other arrangements have to be adopted. The 
method usually employed is known as Stephenson's link-motion. 
Without describing in detail this arrangement we may say that it 
consists of two eccentrics oppositely placed on the shaft, and the 
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Blide-valve rod can bo shifted from one to the other by means of a 
liDk and the valve thus be made to obey either eccentric, and this 
change reverees the engine. When the linlt is kept half-way between 
the two eccentrics, the valve remains in ita central position, no eteani 
ie admitted, and the engine stops. By varying the position of the 
link, the distribution of the steam can be entirely modified. Loco- 
motive engines and most engines needing frequent reversals are 
regulated in this way, not being fitted with governors. 

I Governors. — To prevent variations in the speed of the engine 

I when the load is varied, a contrivance called a governor is made use 

of. It usually acts by opening or closing the throttle-valve which 

regulates the admission of steam into 

the steam-chest. The most common 

form of governor consists of two metal 

balls attached to inclined arms which 

are jointed to the upper end of a verti- 
cal axis. Two rods are jointed to the 

arms and to a collar which embraces 

the axis. The axis is rotated, through 

gearing, by the main shaft. When the 

engine is at rest the balls hang down 

as in the figure (Fig. 48). The balls fly 

out as the velocity of rotation increases, 

the collar is I'aised and by means of 

levers acts on the throttle-valve.* 

Fly- Wheels. — It has already been 
seen that at the dead points the steam 

only presses the crank-axle against its bearing and exercises no 
rotary effect on the shaft; the turning effort varies from nothing 
at these points to its maximum value when the crank is nearly 
tit right angles to the connecting rod. Other causes, as the varia- 
tions in the steam-pressure, the weights of the piston and connect- 
ing rods, also cause variations in the driving power, which produce 
L Tftriations in the velocity of rotation. The efl'ect of variations in 




* The governorB, inEtead of actiug on the throttle- valve as aljove described, 
Ban often arranged to act by link-motion directly on the expansion-gearing of 
I the slide-valve. 
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the resistance to be overcome in producing the same re8^1t8 has 
already been referred to. Sudden changes in the velocity of rota- 
tion are injurious to the mechanism of the engine because of the 
shocks they produce. 

The object of the fly-wheel is to prevent these irregularities of 
motion. It is a large, heavy wheel, with the mass collected as much 
as possible about the rim. It receives a rotary movement from the 
engine. When the driving power is in excess of the resistance all 
the moving parts of the engine acquire increased velocities, but the 
large moment of inertia of the fly-wheel prevents a sudden increase 
of velocity and absorbs a large proportion of the excess of energy, 
a small change in the angular velocity of the fly-wheel correspond- 
ing to a large amount of energy. The energy thus absorbed by the 
fly-wheel is restored to the rotating parts when the resistance is in 
excess of the driving power, and thus tends to keep the rotation of 
the shaft uniform. The size of the fly-wheel is usually made such 
that the difference between the greatest and least velocities shall 
not exceed about one-thirtieth of the mean velocity for ordinary 
machinery and about one-fiftieth for fine machinery. 

It will be observed that the governor never acts until the change 
of velocity occurs which it is designed to control, but the fly-wheel 
resists all change from its beginning. 

In the above description we have supposed a single cylinder. 
Two or more cylinders may be made use of, coupled to the same 
shaft by cranks making angles with each other, so that the rotary 
eflfort is very nearly the same in all positions of the shaft. Varia- 
tions in velocity of rotation, due to variations in rotary effort on 
the crank, can be thus nearly obviated. Locomotive engines are 
supplied with two cylinders, and their cranks are at right angles to 
each other. The variations in rotary effort may also be largely 
overcome in the next form of engine. 

Compound Engines. — These are among the most efficient 
means of preventing the condensation which so generally occurs 
when steam is worked under high pressure and expansively. 

In these engines the total expansion of the steam is divided 
between two or more cylinders, so that the extreme range of tem- 
perature due to expansion in any one cylinder is greatly dimin- 
ished. The successive cylinders increase in diameter, and, when 
the pressure is very great, as in many modern marine engines, three 
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and even four cylinders are used, giving rise to triple and quadruple 
expansive engines. 

In compound enfrines there may be only one crank used, in 
which case the two pistons are connected with the same rod, giving 
riae to tandem engines. When there is more than one crank, they 
may or may not make angles with each other. If there is but one 
crank or the cranks are in the _ 

same plane, the pistons of the dif- 
ferent cylinders rise and fall to- 
gether. 

One of the simplest arrange- 
ments for showing the principles o 
the compound engine of two cylin- 
ders is seen in Fig. 49. Id the ii|i- 
ward stroke the steam is admitted 
below in both cylinders, comiiijr 
from the boiler to the small or 
high-pressure cylinder, and ex- 
hausting from tho upper part of 

this to the lower part of the larger one. During the downward 
stroke the steam is admitted at the upper ends of the cylinders 
from the same sources. The high-pressure cylinder exhausts into 
the larger one, and it exhausts into the condenser. 

Compound engines have been adopted for several lines of ocean 
steamers, where it is important to obtain as much work as possible 
from a limited quantity of fuel. 

Boilers. — The essential parts of all boilers are the same, and 
consist of a furnace in which the fuel is burned, a chimney to pro- 
duce draught and carry away the products of combustion, a recep- 
tacle to hold the water to he evaporated, and a space for the steam 
when generated ; also fittings to supply the boiler with water and 
conduct the steam away from it and for indicating the quantity of 
water present and the pressure of the steam. 

The simplest form of boiler consists of a cylinder partly filled 
with water, the furnace being exterior to and below the cylinder. 
Boilers are made much more efficient in proportion to their size and 
weight by having the furnace within the boiler, bo as to be sur- 
rounded by water except in front. In marine boilers the heated 
gases from tho combustion of the fuel pass by large tubes to a 
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cavity at the back and return to the chimney-flue at the front by 
small tubes which traverse the boiler. In the locomotive-boiler the 
heated gases pass directly to a large number of small tubes, which 
traverse the boiler, and escape to the smoke-stack. In other boilers 
the tubes which act as flues to the furnace are entirely surrounded 
by water, and thus a very large heating surface is obtained. 

Pressure-gauges and Safety-valves, — The pressure-gauge is used to 
show the pressure of the steam within the boiler at any time. It 
is connected with the interior of the boiler, and usually indicates 
on a dial-plate the pressure in pounds per square inch. 

The safety-valve is a circular valve seated on the boiler, and wheti 
the pressure of the steam exceeds the pressure on the valve it is 
lifted and the steam escapes. These valves may be loaded directly, 
or the load may be transmitted by a lever, or the valve may be 
pressed down by a spring, the tension of the spring being varied 
by a screw. 

Causes of Explosion. — Properly adjusted safety-valves afford pro- 
tection against the danger of explosion from gradual increase of 
pressure, but they are not always efficient when there is a sudden 
generation of steam. There are several causes to which a sudden 
evolution of steam may be due. 

If the water falls too low in the boiler, the different parts may 
be so highly heated that when fresh water is admitted it is rapidly 
converted into steam by contact with the metal. Arrangements are 
made to guard against this contingency by having two cocks, one 
a little above and the other a little below the level at which it is 
desired to maintain the water. One of these when open should emit 
steam and the other water. A stout glass tube opening into the 
boiler and extending upward on the outside constitutes a gauge to 
show the amount of water in the boiler. 

The incrustations of boilers due to the impurities of the water 
used may be the cause of a violent generation of steam. This crust 
is a bad conductor, and the portion of boiler covered with it may 
become overheated, when, if by cracking or peeling off of the 
crust the water reaches the heated metal, there is rapid evolution 
of steam. 

Another cause of explosion is probably found in that property 
of water by which the temperature of its boiling is raised when it is 
deprived of air ; when such water reaches its boiling point, it bursts 
into steam with explosive violence. Such danger is to be appro- 
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hended when a boiler after use ia allowed lo cool and again brought 
into action without the addition of freah water. 

The moBt frequent cause of explosion is probably the weakening 
of the boiler due to natural causes, and can only be guarded against 
by inspections and tests. 

Feeding Apparatus. — The water of a boiler ia replenished by 
moans of force-pumps or injectors or both. 

Pumps. — Pumpa for foreing water into the boiler may be driven 
by the engine itself or by a separate engine, the first method being 
more generally adopted, 

Giffard's Injector. — The injector is an instrument which converta 
the energy of the heat in the steam into mechanical energy without 
the aid of any mechanism wbatover. The injector is now in very 
general uae. The method of ita operation will be understood from 
Fig. 50. A is a section of the boiler, 5 a pipe leading from the steam- 
space and terminating in a 

nozzle, C is a pipe leading from ■^"'- ^■ 

the water-tank, F a pipe con- 
nected with the boiler through 
the valve Q, opening inward. 
When the cock at B ia turned, 
the steam rushes out of the 
cone E, carrying the air wilh 
it, and producing a partial 
vacuum in the tube C. The 
water from the tank then rushes 
up the tube C, surrounding the 
nozzle and condenaing the es- 
caping steam. The particles of 
condensed steam communicate 
their motion to the water parti- 
cles by contact with them, and the combined mass is delivered at 
high velocity into the feud-pipe i^and through the valve Q to the 
boiler. 

It at first sight appears strange that steam should be able to 
overcome its own pressure and force water into the boiler against 
itself, but the principle of action of the injector may be grasped by 
considering the velocitiea with which steam and water would escape 
from the same boiler. Without discussing the laws of gaseous flow 
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it will be sufficient to know that the velocity of efflux of steam, in 
ordinary boilei*s, is many times greater than that of water from the 
same boiler, — from twelve to twenty times as great. If we conceive 
this steam to be condensed just as it reaches the end of the pipe B, 
the resulting particlesof water would travel forward with the velocity 
already acquired, and if these minute particles could by any means 
be gathered into a continuous stream, this stream would have the 
velocity of the escaping steam and would more than overcome 
any opposing stream of water, of equal cross-section, escaping, as 
such, from the boiler. This condensed steam has velocity enough 
to impart considerable energy to a portion of the surrounding water, 
and the combined mass is still able to enter the boiler. In expla- 
nation of the action it should be remembered that the water which 
is forced in is less in volume than the steam which issues, so that, 
while the exchange produces an increase of mass in the contents of 
the boiler, it involves a diminution of pressure as well as a fall of 
temperature. 

Condensers. — The condenser is an apparatus into which the 
steam is discharged when it has done its work, and where it comes 
into contact with a spray of cold water, or else with a large extent 
of metallic surface one side of which is cooled by water. In this 
apparatus the steam is suddenly condensed and gives up its heat to 
the water; at the same time the air in the water is disengaged 
owing to the small pressure in the condenser. This air would exert 
a backward pressure on the piston if it were not removed. For this 
purpose a pump is fitted to the condenser which removes both the 
air and the water. 

When the steam does not come into direct contact with the 
water, it is called surface-condensation. A series of pipes cooled by 
water may be used for this purpose. The steam thus condensed 
yields distilled water, which may be returned to the boiler and 
repeatedly used. Such condensers possess special advantages for 
marine engines. 

Classes of Engines. — Engines may be classified in various 
ways: 

1. As regards their use, as stationary, marine, locomotive, etc. 

2. As to the mode of action, as condensing, non-condensing, 
expansive, non-expansive. 
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3. As regards the manner in which the motion of the piston is 
communicated to the other parts of the machinery, as by a simple 
connecting-rod, or by a beam. 

4. As to the manner in which the heat energy of the steam is 
transformed into the rotary motion of the machinery, as by recipro- 
cating motion of the piston or by direct rotation. 

In this country the terras low and high pressure are simply used 
to designate engines working below and above fifty pounds pressure 
respectively. Neither here nor elsewhere do these terms any longer 
denote definite distinctions. 

Oscillating Engines, — An oscillating engine is one in which the 
cylinder is mounted on trunnions, generally near the middle of its 
length, and on which it is capable of oscillating through a small arc, 
so as to adapt itself to the various positions of the crank, to which 
the piston-rod is directly connected. The steam is admitted from 
the boiler through one trunnion, and passes out at the other through 
the exhaust-pipe to the condenser. The valve-chests are on the 
sides of the cylinders and oscillate with them. Such engines are 
economical of space and weight. They are of common use in river- 
boats on the continent of Europe and also in Canada, and are used 
upon some of the ferry-boats between New York and Brooklyn. 

Under the third class the method of transmitting the recipro- 
cating motion of the piston by means of a walking-beam is gen- 
erally adopted on river steamers in the United States. 



CHAPTER X. 

TERRESTRIAL TEMPERATURES, AERIAL AND AQUE- 
OUS METEORS. 

TERRESTRIAL TEMPERATURES. 

Temperature of a Place. — The temperature of a place is de- 
termined by the readings of a thermometer placed a few feet above 
the ground and protected from rains, the solar rays, and all direct 
radiation, but freely exposed to the air. 

Mean Temperature of a Place. — The mean temperature of a 
place is obtained by taking a series of thermometric observations 
separated by equal intervals of time, and dividing the sum of these 
observed temperatures by their number. The greater the number 
of observations, the more accurate the result. 

If the series be extended at equal intervals over the day, the 
result will be the mean for the day. The mean of the maximum and 
minimum readings for the day is often taken for the mean of the day, 
but this is usually above the true mean. A convenient and close 
approximation to the daily mean may be obtained by taking the 
mean of the readings at 7 a.m., 2 p.m., and 9 p.m. 

The sum of the daily means, divided by the number of days in 
the month, gives the monthly mean, and the sum of the monthly 
means, divided by the number of months in the year, gives the 
annual mean temperature. The sum of the daily means throughout 
the year, divided by the number of days in the year, gives a more 
accurate annual mean. 

Effect of Altitude on Temperature. — Iti the normal condi- 
tion the temperature of the atmosphere decreases as the altitude 
increases at the rate of about 1° F. for every 300 feet, when the 
mean annual temperature is considered. The temperature of the 
crust of the earth increases at the rate of about 1° F. for every 53 
124 
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feet of descent belo'w the surface. This interior heat has no per- 
ceptible effect upon the temperature of the air. 

Isothermala are lines drawn on a map through all points which 
have the eamo temperature, and unless otherwise stated reference 
is had to mean annual temperature, but of course isothermals may 
be drawn for months or seasons. The general trend of these lines 
is in an east-and-west direction around the earth, but temperature 
is influenced by so many local causes that they are seldom parallel 
to the equator. Their directions with reference to the parallels are 
modified by the proximity of places to large bodies of water, by 
the direction of ocean currents, by the prevailing direction of the 
winds, and hy the altitude and configuration of the land areas. 
Places near the sea have higher winter and lower summer tempera- 
tures than places of the same latitude and altitude in the interior of 
continents. Since temperature is the most important element in 
climate, the same influences which affect temperature affect climate. 
Ocean and insiiJaf climates are more uniform than continental 
climates. 

AERIAL AND AQtTEOrs METEORS. 

These phenomena are so dependent upon beat agencies that a 
brief outline of the more important and common of them is deemed 
appropriate here. 

AKRIAL METEORS. 

These include all the phenomena resulting ffom the motions of 
the atmosphere relatively to the earth. Such motions are called 
winds. All winds aro prinaarily due to differences of pressure in the 
Atmosphere, and these may be duo to differences of temperature, 
differences in the amount of aqueous vapor present, and (to a slight 
extent) to differences of density. The main cause of winds, how- 
ever, is the difference of temperature, which also produces difference 
of density. Without the differences of temperature which exist 
over the earth's surface, it is probable that the earth's atmosphere 
would be in a quiescent condition. 

Owing to the normal differences of mean temperature due to 
differences of latitude, there are certain general motions of the 
attooaphero, of which it will be well to have some conception before 
considering the more local phenomena which in some cases depend 
upon them. 
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General Circulation of the Atmosphere. — The general or 
planetary circulation of the air may be included under three systems 
of winds : winds of the equatorial regions, those of the temperate 
regions, and those of the polar regions. 

T?ie Equatorial System or Trade-Winds. — These winds prevail at 
the earth's surface approximately between the parallels of 30° 
north and 30° south latitude, and flow toward the equator. Their 
direction is /rom the northeast in the northern and /rom the south- 
east in the southern hemisphere, becoming more easterly as they 
approach the equator. Between the trades in the two hemispheres 
is a region of calms or variable winds, from three to ten degrees 
wide. This equatorial calm-belt constitutes the doldrums. The 
central line of the belt oscillates with the seasons, being one or two 
degrees north of the equator in the spring and nine or ten degrees 
north in the summer. The direction of the trades at the border of 
the calms is nearly westward, the northern trades being more 
westerly than the southern. 

Winds of the Temperate Regions, — Beyond the northern and 
southern borders of the trades in the two hemispheres, over a belt 
of from twenty-five to thirty-five degrees, the prevalent winds at 
the earth's surface are from the westward and blow toward the 
poles. In the northern hemisphere they blow from a point a little 
south of west, and in tbe southern hemisphere from a little north 
of west, being more nearly west at the centre of the belt. These 
winds are sometimes designated as passage-winds. 

Winds of the Polar Regions. — Beyond the areas swept by the pas- 
sage-winds and toward the poles, the prevailing direction of the winds 
at the earth's surface is probably toward the equator, and is gener- 
ally believed to be from the northeast in the northern hemisphere and 
from the southeast in the southern ; but these directions over the 
polar areas are not certainly known, and are not so uniform as. in the 
other systems. The existence of other systems is well established. 

Motions of the Upper Atmosphere. — It will be observed 
that the winds above referred to are those at the earth's surface. 
Now, the principle of continuity evidently requires that the mass 
of air moving in one direction over any parallel must just equal that 
moving in the opposite direction, otherwise the atmosphere would 
be gradually drawn from certain portions of the earth's surface and 
accumulated at others. 
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We should therefore expect to find tbo winds at certain heights 
in the areas embraced in the above systems blowing in directions 
in general opposite to those at the eartb's surface, and such is the 
case. The ejected ashes from volcanoes situated in the tropical 
regions have been carried long distances by tbe upper currents iu 
a direction opposite to that of the prevailing surface winds. Fine 
dust, supposed to be peculiar to certain regions, has been found at 
long distances from these regions, and is believed to have been lifted 
into tbe upper air and transported by the higher tropical currenta 
■whose directions are thus given. Lastly, on the peaks of several 
high mountains direct observations show that the winds of the 
upper regions are blowing from the equator and come from tbo 
Boutbwest, while the trades at the base of the mountains blow 
toward the equator and from tbe northeast. 

Upper Currents of the Temperate and Polar Regions. — By observa- 
tions similar to those just named and by the movements of clouds, 
it has been found that at altitudes above ten thousand or twelve 
thousand feet in the temperate regions the prevailing motion of the 
air is toward instead of irom tbe equator. 

In tbe polar regions, if the general surface winds are from the 
poles, as the limited observations indicate, we can only infer that 
there must be upper currents toward the poles. 

Directions of the Winds in the General Circulation. — 

The easterly and the westerly components of motion of the winds 
in all the general systems depend upon a principle, susceptible of 
demonstration, that, owing to tbe rotation of tbe earth on its axis, 
there arises a force which tends to deflect all motions in the north- 
ern hemisphere to the right and in the southern hemisphere to the 
left, supposing the observer to face in tbe direction of motion. This 
force varies with tbe latitude, being notbing at tbe equator an^ 
greatest at the poles, and is not limited in action to bodies moving 
Dorth and south, as is frequently supposed, but extends to all mo- 
tions, even to those along the parallels. The trade-winds moving 
toward the equator are thus swerved toward tbe west, the passage- 
winds moving from it are swerved to the east, the polar winds 
moving toward the equator would also tend to the west. 

Explanation of the General Circulation. — Owing to the 
differences of temperature between the tropical and northern and 
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southern regions of the earth's surface, the air over the former is 
more expanded, ascends, and flows over to both sides in the upper 
regions, while cold air flows in toward the equator from both sides 
below. If the earth were stationary and the temperature condi- 
tions the same as now, the general movements of the air from these 
causes would be much simpler than they are, and currents would 
flow, neglecting local influences, in meridional directions from the 
poles to the equator at the surface, and from the equator to the 
poles in the upper atmosphere ; but the permanent inequality of 
temperature between the equatorial and the northern or southern 
zones, coupled with the different rotational velocities of the earth's 
surface, make the motions much more complex and give rise to the 
actual systems of winds already described. A somewhat more 
special consideration of these influences is necessary to under- 
stand why the systems of winds with the limits given should 
prevail. 

In this connection we must bear in mind that, omitting other 
influences, unequal atmospheric pressure produces motion in the 
air, and that, while the total pressure in two regions at different 
temperatures may be the same at one level, this equality of pressure 
cannot exist at any other level within these regions. The reason 
for this is that, since the density of the warm air is less, the decrease 
of pressure for a given increase of height is greater in the cold than 
in the warm region, consequently in the cold region the pressure is 
greater below and less above the level of equal pressure. An inter- 
change of air will therefore take place between two such regions, 
the winds blowing in opposite directions on the two sides of the 
surface of equal pressure. If the level of equal pressure be at the 
earth's surface, the interchange will still occur, for the excess of 
pressure at all points above the surface in the warm area will cause 
tb© upper air to flow from that region, this will diminish the total 
pressure at the earth's surface in the warm region, and consequently 
the lower air will move from the cold to the warm region. This 
principle has frequent application in the production of local winds, 
as well as in the general motions of the atmosphere. It may be 
readily illustrated by placing a candle near the top and another 
near the bottom of a door connecting two rooms at different tem- 
peratures. When the door is opened, the flame of the upper candle 
will be blown toward and that of the lower will be blown from the 
cold room. 
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Causes of the Wind Systems. — The extent of the three 
eyaiems and the directions of their winds have been outlined; we 
will now consider how the systems themselves are produced and 
the influences which limit their extent. 

Tropical Systems. — The causes usually asBignad for the existence 
and extent of the northern and southern trades are^ first, the two 
belts of high barometer, or great atmospheric pressure, which en- 
circle the earth at about tbe parallel of 32° in the northern and 25° 
in the southern hemisphere, with continually decreasing pressure 
from these parallels to the equator; secondly, tbe higher mean tem- 
perature of the surface air at and near the equator. For both these 
reasons the surface air within these limits tends to move toward 
tbe equator, the direction being modified, as stated, by the earth's 
rotation. 

Temperate Systems.-^'The mean pressure of the atmosphere at 
about the pai-allels 32° N. and 25" S. is greater than at any other 
latitudes. It decreases toward the poles, and is generally thought 
to reach a minimum at about the parallel of 64° in the northern and 
76° in tbe southern hemisphere. Duo to this excess of pressure, the • 
air of tbe temperate regions moves toward the poles, having its 
direction modified as already stated. The lower temperature and 
greater density of the air toward these polar belts of low pi'ess- 
ure tend to produce a surface current toward the equator in the 
temperate regions, but the effect of the greater pressure near the 
tropics more than counterbalances the diminished density due to the 
higher temperature there. 

Polar Systems. — Such observations as are available indicate that 
nearer the poles the mean pressure of the air is again greater than 
near the polar circles. For this reason, as well as because of the 
greater density there, tbo movement of the surface air would be 
from the poles, and would be modified in direction as ali-eady stated, 

Cause of High Barometric Belts near the Tropics. — The 
prevailing surface winds of the globe are thus generally considered 
a8 directly due to the difi'erences of atmospheric pressure in tbe dif- 
ferent regions. The winds blow toward both the north and the 
south from the belts of high pressure which are known to encircle 
the earth about tbo tropics. The air over the polar areas moves 
toward the belts of low pressure which are located near the 
polar circles. It will therefore only be necessary to account for the 
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differences of pressure in order to reach an explanation of the wind 
systems themselves. 

The explanation which has generally heen given for the exist- 
ence of belts of high pressure near the tropics is that the higher 
temperature of the equatorial region causes the air over it to ex- 
pand and the upper strata thereof to flow away in both directions 
toward the poles. These equatorial girdles of air in moving pole- 
ward would, since the meridians converge to the poles, continually 
diminish in diameter, while the thickness of the girdle in a radial 
direction would increase, with corresponding increase of pressure 
on the earth's surface. This increase of pressure is so great at 
about the parallel of 32° N. that a descending current of air is pro- 
duced which spreads itself, as already described, both toward the 
pole and the equator. A similar result is produced in the southern 
hemisphere, though the belt of greatest pressure is somewhat nearer 
the equator. 

Cause of Polar Belts of Low Barometer. — The only causes 
assigned for these belts of low pressure are an assumed excessive 
amount of moisture, and that the meeting of the temperate and 
polar systems causes ascending currents with unusual rainfall, and 
that the heat liberated by the condensation of the moisture would, 
by the expansion of the air, increase the upward draught and cause 
the ascending column to overflow to the north and south in the 
upper strata, thus diminishing the pressure under the heated 
column. 

The above explanations of the general circulation, and of the 
existence of the belts of high and low pressure which encircle the 
earth, are given because they have until recently been the only 
ones assigned and are usually found in references to this subject. 
The explanations are, however, far from satisfactory, as they assign 
no suflScient reason for the accumulation of the air at about the 
parallels of 30° north and south rather than at others, and the polar 
belts of low barometer are made to be the results of winds which 
they are at the same time efficient in producing, as well as to an 
excessive amount of moisture in regions whose temperature would 
forbid such excess. 

There is a more satisfactory explanation of certain of the phe- 
nomena above considered, which follows as part of a mathematical 
theory, by Prof. Ferrel, of the general atmospheric circulation. His 
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exposition of the entire Bubject is believed to be the moat complete I 
jel published, and it includes & mathematical aDulysis of Bome of the I 
most puzzling of the minor atmospheric phenomena. 

Prof. Perrel st arts with the mathematical analysis of a/ree n 
of air on the earth's surface, and makes use of the results thus ob- i 
tained for the approximate solution of the more general and com- I 
p)ex problem as actually existing. His discussion is & profound one, 1 
and constitutes a volume of itself; it is difficult of elomentary or I 
disconnected treatment ; however, his views of certain of the points J 
discussed above are capable of condensation and give satisfactory I 
1 ideas. 



Ferrel's View of the General Circulation. — Assuming that I 
the permanent difference of temperature between the equatorial J 
and polar regions causes an interchange of air between tbem (and I 
there can be little doubt that it does produce such an exchange), 1 
and assuming also that the initial condition of the 
relative rest when the interchanging motion begins, and that the 
)ur is without friction against the earth, Prof. Ferrel has shown that, 
Tinder these circumstances, the different rotational velocities of the 
earth's surface, coupled with the interchanging motion of the air, 
will involve the entire mass of air between the parallels of 36° on 
both sides of the equator in a westerly motion of considerable 
velocity, aud that over the i-eat of the surface of the earth i 



much greater velocity in bigh I 



easterly motion which ' 
latitudes. He has shown that the 
deflections which the moving air 
will experience due to this motion, 
being to the right in the northern 
hemisphere and to the left in the 
southern, will cause the depth and 
pressure of the air to be greatly 
diminished at the poles, producing 
a virtual vacuum there, and con- 
siderably diminished at the equator, 
and increased at the parallels of 
35°, where the velocity of the air 
changes sign, the velocity being westward between these parallels I 
and eastward outside of them. Under these conditions a section of I 
the earth and atmosphere would be as shown in Fig. 51. Now, in j 
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the actual case of the earth and atmosphere, with friction against the 
surface and an interchanging motion, there would be a tendency 
toward the same state of affairs, but the deflecting forces are so modi- 
fied by friction that the diminution of depth and pressure at the poles 
and at the equator are but slight, and there is but a small increase 
at about the parallel of 30°. That there must be a tendency to the 
same state of affairs as when there was no friction is evident because 
friction could not operate until the motions which produced the 
former condition had commenced. In this actual case, also, the 
entire mass of air between the belts of high pressure has not a 
westerly velocity as in the first case, but at great altitudes this air 
has easterly velocity. The relative amounts of easterly and 
westerly velocity at the earth's surface in this actual case will 
depend upon the condition that the sum of the moments of gyration 
arising from the action of the air by friction upon the earth over 
the entire surface must be equal to zero, or else the velocity of the 
earth's rotation would be affected. 

In this explanation it will be observed that the accumulation of 
air at the limiting parallels and its diminution at the poles are due 
to the deflections caused by the earth's rotation, which press the 
moving air from both sides toward these parallels. The belts of 
high pressure near the tropics are therefore the unavoidable results 
of an interchanging motion between the polar and the equatorial 
regions. The accumulation is more largely due to the greater 
defiection in the upper atmosphere, where the motion is greater and 
the resistance less ; hence this accumulation causes the air to flow 
out from beneath, where the tendency to heap it up is less, both 
toward the poles and toward the equator. It will be observed 
also that the deflections which cause the tropical high-pressure 
belts likewise produce a diminished pressure in the polar regions, 
but not a belt of low pressure about the polar circles, as has been sup- 
posed to exist. 

According to Ferrel's view, then, we summarize the most prob- 
able circulation of the air to be as indicated in the figure (Fig. 52). 
The upper strata move poleward, and the lower strata the reverse, 
except that in the middle latitudes there is a thin stratum at the 
earth's surface, deflected from beneath the parallels of high press- 
ure, moving poleward. This surface current, however, does not 
extend all the way to the pole, but, being interfered with by a sur- 
face current from the pole, it gradually ascends, and returns toward 
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the equator in a stratum higher up but below the poleward strata 
of the upper atmosphere. 

Fig. 62. 
N 




GENERAL ATMOSPHERIC CIRCULATION. (AFTER PERREL.) 



Local Winds. — i. Periodic Winds. — Land and Sea Breezes, 
— The general circulation of the atmosphere whieh has been de- 
scribed is in many places materially and regularly modified by local 
conditions producing uniform results. Among the most important 
of these are the land and sea breezes. 

These are the well-known daily alternating breezes which pre- 
vail along the coasts of islands and continents. These winds are 
most marked in tropical countries, but also prevail far outside these 
limits. In the daytime they blow from the water to the land, and 
at night in the reverse direction. This is due to the fact that while 
the sun is shining the land becomes warm quicker than the water, 
and at night it also cools more quickly. The air, deriving its heat 
from the surface beneath, is consequently cooler and heavier over 
the water during the day, and warmer and lighter soon after sun- 
set; consequently the directions of the breezes are as stated. It 
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must be obsorved that these breezes depend primarily upon the 
diurnal variations of temperature, and secondarily upon the greater 
mobility of the water and the greater depth to which the heat-rays 
will penetrate it, its great latent heat, and the absorptive power of 
the water vapor which is more abundantly present over the water, — 
properties tending to prevent rapid changes of temperature. The 
simple difference of specific heats between land and water does not 
have the great effect usually assigned it. 

Monsoons. — The annual variations of temperature accompanying 
the changing seasons also have their effect in modifying the prevail- 
ing winds. During one portion of the year the winds blow toward 
the continents, and during the remainder from them. Among the 
most remarkable of these winds are the monsoons, those winds which 
blow from the Indian Ocean over Southern Asia during the warmer 
half of the year and in the opposite direction during the other half. 
The difference of temperature between the continent and sea is the 
cause of them. The former of these winds, passing over the moun- 
tains of Hindostan, have their moisture condensed, giving a region 
of excessive rainfall. 

Similar winds are produced in every part of the world near the 
coasts of extensive land areas. In the United States they are ob- 
served merely as modifying the direction of the prevailing winds. 
This is the case on both the eastern and the western coast, and in 
Florida the winds are in opposite directions in summer and winter 
and are by some deemed sufficiently constant to be classed as mon- 
soons. 

Mountain Breezes. — Very often in the ravines, gulches, and nar- 
row valleys of mountain regions, distinct morning and evening 
breezes are felt. Those at night are due to the more rapid cooling 
by radiation of the peaks, spurs, and higher ridges, which in turn 
cool the air and cause it to flow down through the ravines into the 
valleys. In the morning the higher surfaces are first touched and 
warmed by the sun, and the tendency is for the air to flow up 
the ravines. Generally, the winds which pass over higher moun- 
tains are deprived of their moisture and reduced in temperature, 
but reference is here had only to the local currents due to daily 
variations of temperature in small adjoining areas. 

Local Winds. — 2. Storms. — Besides the general circulation 
and the more regular winds which have been referred to, there are 
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transient disturbances of widely varying extent and energy whiok 
are claaeed under the geneml head of storms. Some of the more 
common and interesting of these are now fairly well understood 
and will be briefly alluded to, but before proceeding to their descrip- 
tion it will be well to explain a fundamental principle concerned in 
the origin of all and in the propagation of some storms. 

Stable and Unstable Condition of the Atmosphere. — In 

the normal condition of the atmosphere we may consider it as ar- ' 
ranged in concentric spherical layers around the earth, the densest 
and warmest layers being below. The temperature of the air, as we 
have seen, decreases on an average about 1° F. for every 300 feet of 
ascent. If a volume of air from the lower strata be moved upward, 
it will expand, owing to the diminution of pressure at higher levels. 
This expansion will cool the air about 1° F. for every 186 feet of 
upward motion. In the normal condition of the atmosphere, then, 
the decrease of temperature duo to the expansion that would occur 
in a volume of air moving upward is more rapid than the decrease 
of temperature in the sun-ounding air due to change of level. 
If, therefore, an unconfined volume of the dense, lower air could be 
forced upward through the higher strata, its temperature would de- 
crease, due to expansion, at the rate of 1° P. for every 186 feet of its 
ascent, and it would be cooler at any level than the surrounding air 
at the same level and consequently heavier than any equal volume 
of that air. In the above-stated case the air is in a condition of 
stable equilibrium, and if disturbed would tend to return to the 
original condition. 

But this normal state of the atmosphere does not always exist. I 
On atill, hot days in warm regions the lower layers of the air become I 
vary much warmer than those above, so much so that the rate of 
decrease of temperature upward is much greater than 1° P. for 
every 300 feet. Whenever this decrease of temperature upward 
becomes greater than that duo to expansion, or greater than 1° P. 
for 186 feet of ascent, the condition of stable equilibrium is de- 
stroyed, and a volume of tlie lower air moving upward would be 
warmer than the surrounding air at the same level and conse- 
quently lighter than an equal volume of it. In tliis case, then, if a 
volume of the lower air were to start upward, it would not tend to 
return to its original position, hut would continue upward until its 
temperature became the same as that of the surrounding air. 
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Whirlwinds. — Under this head may be included the very sud- 
den and local whirls produced by the meeting of rapid currents from 
different directions, as they pass along streets or along natural chan- 
nels, such as gorges or ravines in irregular and mountainous regions. 
These are like eddies in the running stream. There is, however, a 
typical whirlwind peculiar to a quiet atmosphere which deserves 
attention. This is of frequent occurrence in still, hot, arid regions, 
and is a familiar sight to all who have had experience on the plateau 
and basin regions of our western territory, besides being of more 
rare occurrence in nearly all parts of the country. The perfect type 
of this wind is often seen on hot, still days in the dry, dusty valleys 
of the Utah and Nevada basins. In these arid valleys, during the 
hottest part of a quiet summer's day, the observer may often see 
several tall, slender columns of dust, vaiying from one hundred to 
more than one thousand feet in height, travelling across the dusty 
flats. 

Observations show that these disturbances begin in a whirling 
movement which extends spirally upward. The origin and contin- 
uance of these whirls in an apparently still atmosphere are due to 
the disturbance of the normal equilibrium of the air brought about 
by the greater heating which the lower strata receive from their 
contact with the earth. These strata become very warm, and press 
upward against the overlying strata ; finally an opening is made 
through them, and the hot air flows in from all sides toward this 
outlet to reach a region of less pressure. 

The whirling motion is the result of a lack of absolute homo- 
geneity of physical condition in the surrounding air and of equal 
smoothness of the earth's surface. These cause the inblowing air to 
depart from radial lines, and the direction of turning will be deter- 
mined by the strongest current. The whirling once begun is con- 
tinued by the centrifugal force developed by it. In these winds the 
direction of turning is not fixed, but depends upon local incidents. 
The volume perceptibly involved in the motion generally extends 
only a few feet, thpugh, of course, these winds vary in strength and 
extent. The upward motion of the air will continue until the tem- 
perature of the ascending air is brought by expansion to that of the 
surrounding air of the same level, when it will spread itself among 
the strata above. The progressive motion of the spiral column is 
probably due to a slight general motion of the air in which the 
whirl occurs, especially of the upper layers. Theoretically these 
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whirls would continue until the heated air below had escaped up- 
ward through the whirl, or as long us the difference of temperature ' 
between the lower air and the strata above was greater than 1° F, 
for every 186 feet of ascent, but ordinarily their progressive naotion 
takes them beyond the limits of the areas fulfilling the conditiona 
for their e 



Cyclones. — This term is applied to those violent whirlwinds of \ 
great extent, involving large volumes of air in their action, some- \ 
times extending over circular areas two thousand miles or more in \ 
diameter, and continuing for many days. 

The condition of unstable equilibrium of the air which \ 
shown to be the efficient cause of the whirlwind is also present 
here, and, if this unstable state were decided enough and extended ' 
over a sufficiently largo area, cyclonic storms might arise that 
would be only enlarged whirlwinds, and would run their course in 
dry air. But the unstable state necessary lor such development in 
dry air is abnormal, and exists only in rare cases, as already stated, 
and in the lower atmospheric strata. The energy, the expenditure 
of which produces the cyclone, is not alone in the expanded strata 
of the air, but more largely in the aqueous vapor contained therein, 
the latent heat of which, it will be remembered, is very great. If 
now, in an atmosphere moist and in an unstable condition, there 
is produced an ascending current at any point, the air would rise, 
as in the case of the desert whirl, with this vory marked difference : 
in the case under consideration the ascending air would be cooled by 
the expansion due to the diminished pressure, as in the whirlwind, 
but, as soon as a sufficient reduction of temperature takes place, 
condensation of the aqueous vapor would begin, with liberation of 
its latent heat. Therefore, the rapidity of cooling with ascension 
is diminished by continuous conversion of the latent heat of aqueous 
vapor into sensible beat. The condition of unstable equilibrium in 
such air is therefore reached with a much smaller decrement of 
temperature than in dry air. The difference of temperature between 
the ascending column and the surrounding air is accordingly greater 
than if the vapor were not present. Because of this greater differ- 
ence of temperature at the same levels, the upward draught would 
be much more violent and would extend to a greater height. Aa 
the ascent is continued, the aqueous vapor is condensed into clouds 
or falls as rain, and the ascending air overflows in all directiona 
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from the upper end of the aerial chimney, and spreads over the 
adjoining area. The overflow diminishes the pressure beneath the 
up-draugbt and increases it in the annular area surrounding it, both 
of which causes tend to increase the draught. 

In the case now under consideration the great amount of heat 
accumulated in the aqueous vapor existing in the lower air makes 
a difference in degree but not in principle between the action of the 
whirlwind and the cyclone, but because of the great extent of the 
cyclone there are most important agencies at work in it which do 
not affect the whirlwind. The rotation of the earth is one of these. 

It has already been stated that owing to this cause all motions 
in the northern hemisphere are deflected to the right ; hence, when 
the atmosphere involved in this great circle of disturbance begins 
its motion, it does not move from different points radially toward 
the centre of disturbance, but is deflected continually to the right. 
For this reason, in all cyclones of the northern hemisphere the 
winds blow from right to left (or opposite to the hands of a watch 
with its face up), marking out a left-hand spiral closing inward, as 
indicated in Fig. 53. Thus, while the moving air is continually 
drawn in toward the centre, it is also, by the rotation of the earth, 
continually deflected around it. 

Under these conditions the revolving air is subject to the law ot 
central forces, which requires that the rotational velocity must in- 
crease in proportion as the radius of rotation diminishes, so that the 
product of the two remains constant. Therefore, the gentle breezes, 
which would at first sweep in large curves around the centre of 
disturbance, would grow stronger as their circuits around the 
centre grew smaller, and, finally, when these circuits have a diameter 
of only a few miles (ten to forty-five) the velocity of the wind is 
very great, and its path, under the most favorable conditions, ap- 
proaches a circle. The wind then blows a hurricane. 

The great rotational velocity of the wind, especially on the inner 
circuits of the spiral, tends to keep the air away from the centre, 
so that the very centre of the cyclone is npt swept by violent winds, 
but they, on the contrary, are kept from entering the central area, 
so that a comparative calm prevails there. This deficiency of air 
still further diminishes the pressure at the earth's surface in the cen- 
tral column of the cyclone, and the rapidly gyrating atmosphere is 
carried aloft in spiral currents around the flue of the cyclone. The 
effect of the up-draught is the condensation of the moisture as the 
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air cools, so that heavy rains usually accompany the cyclone. Both 
the deflecting force of the earth's rotation on the cyclonic winds 
and the centrifugal force arising from the gyrations are engaged in 



Fig. 63. 




CYCLONIC MOTION, NORTHERN HEMISPHERE. 

diminishing the amount of air at the centre of the cyclone and 
heaping it up at some distance from the centre, the former being 
most efficient at considerable distances from the centre and the 
latter at points nearer the centre. The two influences conspire to 
diminish the air at the centre of the cyclone and to heap it up at 
some distance from it, thus causing an annulus of high pressure to 
encircle the central low area. 



Effects of the Cyclone on Normal Temperature.— Since 
the gyratory motions of the winds in the cyclone in the northern 
hemisphere are always from right to left, as above defined, the 
colder air of the northern side is continually whirled around to the 
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west side, while the warmer air of the south is brought to the east 
side of the cyclone. The motions may thus materially affect the 
temperatures which would otherwise exist, especially on the east 
and west sides. We shall again allude to this effect. 

Progressive Motions of Cyclones. — Besides the motions of 
the winds within the cyclone, the cyclone itself moves from one 
region to another, and with few exceptions these motions are east- 
ward. Four causes have been assigned to account for this progressive 
motion. 

1st. The most potent cause in the progressive motion of the 
cyclone is the general motion of the atmosphere in which the 
cyclone exists. 

2d. The winds which feed the cyclone are of unequal absolute 
humidity. Those most heavily laden with moisture produce the 
greater condensation when they enter the ascending column of the 
cyclone and thus produce a section of greater precipitation, and, 
more heat being produced in this section, the tendency is for the 
storm-centre to be transferred to it. 

3d. The earth's rotation also is a factor in determining the 
progress. The deflective force due to this rotation increases with 
the latitude, and, since the cyclones are often of great extent, the 
difference of its action in the north and south sides of the cyclone 
has an influence. This force acts with the centrifugal force, due to 
the gyrations of the air, to transfer the centre of the cyclone toward 
the side of greatest deflection. 

4th. The areas surrounding the cyclone will not all be at the 
same pressure. The strongest winds will blow from the area of 
greatest pressure. As these winds curve around the vortex of the 
cyclone they will resist being drawn inward more powerfully than 
the weaker winds, and Consequently tend to draw the centre of the 
cyclone toward the swiftest part of the revolving disk. 

In the progressive motion of the cyclone there is not a contin- 
uous transfer of the same gyrating mass of air to widely different 
places, but the progression takes place by the continual forming of a 
new cyclone in the line of advance, which line is determined by causes 
already given. New masses of air are thus continually brought 
into the movement, while the gyrations of that in the rear are 
destroyed by friction. 

Owing to the progressive motion of the cyclone, the annulus of 
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high pressure produced by the gyrating atmosphere is carried dia^ 
metrically (or nearly so) across those places near the central path 
of the storm. This transfer evidently explains the existence of the 
high barometer wbicb so generally precedes and follows the pas- 
sage of great storms. Since the winds are travelling in opposite 
directions on opposite sides of the cyclone, the progressive motion 
of the cyclone will evidently carry these opposite winds over any 
places properly situated ; hence this progreaaive motion gives also 
an explanation of the veering of winds during the storm. It will be 
observed in this connection that the continuation of the cyclone when 
once begun depends mainly upon the heat developed by the conden- 
sation of moisture, and, while it is not difficult to conceive how the 
conditions for a cyclone might arise, the immediate origin of the 
disturbing motion cannot be attributed to any fixed cauae. 

Cyclonic ^Wavea. — When a cyclone at aea reaches a low, level 
coast, the combined effect of the diminished pressure and the strong 
■winds, especially if the tides also act in conjunction, may carry a 
destructive wave over the land. Such waves have wrought immense 
destruction over the lower delta of the Ganges. 

Anticyclonic Motion. — As much air must flow from the centre 
of the cyclone above as flows toward it below. The tendency of 
these opposite currents is to cause gyrations in contrary ways, and 
this outflowing air from above descends with gyratory motion con- 
trary to that of the inflowing air below. An anticyclonic motion 
therefore always accompanies the cyclonic, the two constituting one 
Bystem. When the latter exists the former does also, though it 
may not be observable. 

Cyclones with a Cold Centre, Anticyclones. — If the centre 
of the cyclonic area should be maintained at a lower temperature 
than the surrounding contiguous regions, the tendency would be for 
the air to flow from the area below and to it above. Such a circu- 
lation would constitute a cyclone with a descending gyrating cur- 
rent instead of an ascending one at the centre. This interchanging 
Byetem involves an anticyclonic as well aa a cyclonic motion. The 
gyrations around the centre in the interior part would be the same 
Rfi the ordinary cyclone, and in the conti-ary direction in the exte- 
rior part as the air flows away from the centre below. 
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The general motions of the atmosphere for either hemisphere 
give us an example of a cyclone with a cold centre, the pole of the 
earth being the centre. A local cyclone of this sort cannot long 
exist or be of much violence, for the air in descending becomes 
warmer and the condition for the cyclone is soon destroyed ; nor 
can its existence in this case be continued by condensation, even 
though vapor be present, for by the descending currents the vapor 
is removed farther and farther from the point of condensation. 

Paths of Cyclones. — The paths of cyclones are the lines 
travelled by their centres, and with few exceptions their directions 
are to the eastward. In the United States the average direction of 
motion, as given by Prof Loomis, is a little north of east, with an 
average of twenty-six miles per hour. In the United States the 
valley of the St. Lawrence is the line most frequently swept by 
cyclones. According to the Chief Signal Officer (General Greely), 
the greater number of American cyclones originate in the Saskatch- 
ewan country or on the southeastern slope of the Eocky Mountains. 
The areas of low barometer are not circular but elliptical; the 
average ratio of the axes is about 2. The average direction of the 
longer axis of the storm is nearly northeast. 

Low- Area Storms. — In the foregoing discussion the term 
cyclone has been used to include all large storms involving the cyclonic 
motion, and low-area storms are properly included. The custom of 
the United States Signal Office and the public press has, however, 
to a certain extent created a popular distinction between low-area 
storms and cyclones. By the limitations thus imposed, the term 
cyclone is generally restricted to certain tropical storms that usually 
have a parabolic path extending westward and northward from 
their point of origin off the west coast of Africa, near the dol- 
drums, to about the 30th parallel and the 70th meridian. At this 
point the vertex of the parabola is reached, and the storm pro- 
gresses to the northeastward parallel to the coast of the United 
States. These storms have a great power of continuance, and 
usually expand as they go. They sometimes extend their west- 
ward course to and beyond the United States coast, and then the 
northern branch of the path passes over the land, producing some 
of our most violent storms. 

The loxo-area storms, under the above distinction, are those 
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oyclonic storms that originate in the interior of our country and r 
their coureeB as modified by the caueea already given. There ib no ' 
difference of principle involved either in the origin or in the trana- 
miBeioo of the storms, and the modifying causes affect each alike. 
The low-area storms are cyclonic, but the term cyclone, in popular 
use, is applied to those just mentioned or to the very violent of the 
low-area storms. Such real distinction as exists is based upon the 
path or intensity of the storm. It must be remembered that the 
term cyclone, as here used, applies to all cyclonic storms. 

Movements of Areas of High Pressure, — These atmos- 
pheric changes might bo called high-area storms, if we were not in 
the habit of associating bad weather with storms, whereas areas of 
high pressure usually bring fair and cooler weather. It baa been 
shown that the gyrations of the atmosphere in a cyclone heap the 
air up at a certain distance from the centre, causing an annidus of 
high barometer. If two or more cyclones be in progress at the 
same time, which is very frequently the case, they may encroach 
on and interfere with each other in such a way as to give areas of 
high pressure of varied form. 

Areas of high barometer may also arise from the increased 
density of the air due to the conditions which produce greater cold 
over certain regions. During the winter season such conditions 
exist in the central part of this continent, due to the great altitude 
and the dry atmosphere which prevail there. At the same season 
there is another such area in Central Asia. Wherever these high 
areas exist, the tendency is for the air to flow out beneath and to 
inaugurate more or lees peri'ectly the conditions of a cyclone with 
a cold centre, or what is more generally designated an anticyclone. 

It has been shown in such cases that there are descending in- 
stead of ascending currents, and under such conditions there could 
be no condensation; hence a high barometer usually brings or ac- 
companies a clear and dry atmosphere. As radiation and evapo- 
ration take place much more readily under such conditions, the 
weather with high barometer is likely to be cooler also. These 
principles, coupled with the fact (already mentioned) that the g)'ra- 
tory motions of the cyclones in this hemisphere carry to the west 
side of the cyclone the air from the north side, which is normally 
at a lower temperature, are sufficient to explain the cooler and 
clearer weather which usually succeeds a cyclone. 
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Cold Waves. — From beneath the area of high pressure existing 
in the northwest in the winter season, and also from those which 
are occasionally formed farther east, there frequently flow out cold 
currents toward the equator. These currents constitute the ^* cold 
waves" of the signal office. Under favorable conditions we may 
have the temperature of these cold centres, but little reduced, 
brought to our latitude, but as the wave progresses southward it 
has its temperature gradually raised. If these waves move slowly 
or succeed each other very rapidly, they produce a continuous 
cold spell. It is evident that the passage of a low-area storm 
across the United States would establish conditions favorable to the 
descent of air from the cold area in the north, and it is seen that 
we very generally have cold waves from there after the winter 
cj^clones. 

Tornadoes. — Tornadoes are small violent cyclones. They 
extend over an area too small to be affected by the earth's rotation, 
yet they all in the northern hemisphere revolve from right to left 
(opposite to the hands of a watch with face up), and probably derive 
their gyrations from the motions of the air in which they originate. 
While the cyclone of considerable extent may be compared to a re- 
volving disk of a diameter many times its depth, the tornado is a 
tall column of gyrating air whose height is many times its diam- 
eter. In the cyclone, therefore, the gyrations are much retarded 
by friction against the earth, and in the tornado the gyratory 
velocity, except in the lower strata, which are in contact with the 
earth, is very nearly in accordance with the law already given, 
varying inversely as the distance from the centre. On account of 
this rapid gyration, the effects produced in the cyclone are here 
intensified, and the gyrations a short distance above the surface are 
nearly circular, and the centrifugal force of the gyrations here tends 
to produce a vacuous column into which the air cannot enter from 
the sides. There is, therefore, a great diminution of pressure 
within and especially at the centre of this column. The gyratory 
motion of the lower air only is much diminished by friction against 
the earth ; it therefore flows toward the centre of low pressure and 
ascends with great velocity. 

These indrawn currents are the most destructive ones, and are 
so strong that they sweep along and carry up heavy bodies and at 
times transport them long distances. The black funnel-shaped 
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clouds which accompany the cyclone are due to the cODdenBation I 
of the moiBturo of the ascending air. The pressure of the air at 
and near the centre of the tornado ia bo greatly diminished that the 
stratum of condensation and cloud -formation is frequently there 
brought down (or nearly so) to the earth's surface. As we depart 
from the centre of the tornado the pressure is not bo greatly dimin- 
ished and the point of condensation is not so low, so that the base 
of the funnel-shaped cloud is above. The depending point is aome- 
tiraea seen to withdraw into the cloud-mass above and to suddenly 
dart forth again. These effects are due simply to variations in the 
level at which condensation takes place, depending upon varying 
preasure, and this level may descend more rapidly than the air 
ascends, so that the vapor column shoots from above downward, 
while the air in which the condensation takes place is all the time 
moving upward. The diminution of pressure in violent tornadoes 
is very great, sometimes amounting to three inches of the baro- 
metric column. When such a tornado comes suddenly over a build- 
ing, or other confined space, such as a cellar, from which the air at 
ordinary pressure cannot readily escape, there is exerted a great 
pressure from within outward. Pi-om this cause the explosions 
occur which unroof buildings and throw their walls outward, buret 
open cellar-doors against a strong direct wind, and somotimeB 1 
deprive poultry of their feathers. , 

The average width of the path of destruction, as given by Finley 
from a large number observed, was about a thousand feet. Torna- 
does generally accompany cyclones, and Finley has shown that they 
occupy pretty constant positions with reference to the centre of the 
cyclones. The greatest number of cyclones occur, in this country, 
in the States of Kansas, Missouri, and Illinois, and they are most 
frequent in the month of June. 

Water-Spouts.* — These are but special eases of tornadoes 
which pass over bodies of water, and in which the dependent por- 
tion of the accompanying cloud is reduced to a long slender stem 
extending down to the water. Owing to the diminished pressure 
at the centre of the tornado, the water beneath rises up into a 
mound, is lashed into foam, and large quantities of it are carried 
aloft by the ascending currents of air. Prom small lakes and ponda 
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the inhabitants thereof may be carried aloft with the water and 
descend at considerable distances, giving showers of fish, frogs, etc. 

Cloud- Bursts."" — By the ascending and gyrating currents of 
air in a tornado, a great quantity of rain or condensed moisture 
may be carried along until its weight becomes so great that it 
descends in streams, or until the tornado has its force broken by 
some material object, such as a crag or peak, when the accumulated 
rain descends almost in a mass, with terrific effect. 

* These phenomena might with equal propriety come in the next chapter 
where results are considered, but when causes are considered their explanation 
follows more naturally here. 



CHAPTER XT. 



AQtTEOUS METEORS. 



Under this bend are iDcluded all tha visible phenomena which ] 
result from the condensation of the aqueous vapor in the atmos- 
phere, and this condensation always occurs whenever the tempoi-a- 
ture of the air, from any cause, falls below the dew-point. The | 
most commonly obBorved of such phenomena will be described. 



Mists, Fogs, and Clouds, — These result whenever the aque-l 
ous vapor of the atmosphere is condensed and suspended in visible 
form. This condensed vapor is believed to exist as liquid particles 
or spheres, not hollow, differing from rain-drops only in size. Their 
suspension is due to the fact that the atmosphere is never abso- 
lutely quiescent, and the vapor particles are kept floating like dust 
and other solid particles which are often observed in the air and 
which are seen never to be at rest. 

Fogs and Mists. — Fogs and mists differ from clouds merely in 
that they are formed at less elevation. They are due to local 
causes, and may be formed in several ways. At the first approach 
of winter, when the air of a region la often many degrees colder 
than the water, mists are seen to overspread the streams, the vapor , 
arising from them being condensed by the cold air. The same i 
phenomenon is often observed when the conditions are reversed, — ■ i 
when the water is colder than the air, 

Fogs are often formed at night or late in the day, at the lowest 
lines of valleys and in depressed areas, while the sides of the valley 
and knolls, especially if covered with vegetation, though of but 
slight elevation are exempt from them. This results from the more 
rapid radiation which tiikes place in the open valley, from the pres- 
ence of more moisture there, and also from the fact that the air 
which is cooled at the higher levels, if there are no winds, descends 
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to the lower. Sheep and other animals learn to take advantage of 
these natural conditions, and are often seen, in the early morning, 
to have spent the night just ahove the damper atmosphere. In the 
elevated regions of our western country, among the narrow valleys 
of the Sierras and Eocky Mountains, quite marked climatic effects 
result from these causes alone. In those regions I have seen flour- 
ishing gardens situated near the forest growth at the sides of the 
valley, while nearer the axis of the valley and not over ^yq miles 
away and two hundred feet lower, many of the same vegetables 
could not be successfully grown. Again, orchards well up on the 
side slopes were prolific, while lower down the valley they were 
comparative failures. 

As a further illustration of these principles the following in- 
stance may be cited. In September, 1877, while engaged in survey 
work in the Sierras of Northern California, for the purpose of being 
early on the summit of a mountain I spent the night far up the side, 
some two thousand feet above the camp of my party in the valley 
below, though within sight. Before sunrise the next morning the 
difference of temperature between the two stations at the same 
hour was 7° F., the upper being the warmer. The night was very 
clear and still. 

As these low-lying fogs are usually accompanied by more or less 
dew, a knowledge of their origin is an important aid to the selection 
of the best camping sites where there are no other considerations. 
From the illustrations given, it will be seen that the most favorable 
sites, where it is desirable to avoid dampness and cold, are those pro- 
tected from direct radiation, some distance above the lowest neigh- 
boring levels, and upon a ridge rather than a ravine leading to these 
levels. If not within the timber, it will be well to have the latter 
on the slope above rather than to camp upon an open hill-side. 

Clouds. — There are several kinds of clouds and they shade into 
each other, so that there can be no precise classification. We shall 
refer only to the principal classes. 

Cumulus. — These are the rounded masses or convex heaps extend- 
ing upward from flat horizontal bases. They are very common in 
summer, and are believed to be due to the condensation of ascend- 
ing columns of vapor. The flat base marks the level where con- 
densation begins, and the rounded masses are the tops of the ascend- 
ing columns. If the cumulus is overhead, its typical form cannot 



1 and it will not be observed aa such. These clouds are 
ConBequently noticed only on the horizon. 

Stratus. — These eoneist of horizontal layers, and are generally at 
low levels. They are believed to be due to the cooling of a com- 
paratively Btill atmosphere by radiation ; when the dew-point is 
reached at a certain level, the first layer is formed. These clouds 
frequently appear at sunset and disappear in the morning. 

CtVrMS,— These cioads are of great variety, but the most charac- 
teristic are the fibrous, feathery clouds which float- in the higher 
atmosphere. In some cases distinct cirrus clouds are formed by the 
extension upward of a cumulus, the rounded mass apparently di- 
viding into several columns which become more attenuated as they 
ascend. It is to these clouda that halos are due, and such clouds 
are believed to be composed of particles of ice. 

Oompound Clouds. — According to the above system of nomencla- 
ture, which is that proposed by Howard in 1803, all other clouds 
are intermediate, or compounded of the above forms. The nimbus 
is any cloud from which rain is falling. 

Altitude and Thickness of Clouds. — Clouds are formed at 
various heights, from near the surface of the earth up to at least 
ten miles. Stratus and cumulus are the lowest, cirrus the highest, 
and composite clouds intermediate. According to Prof. Loomis, 
the thickness of clouds does not usually exceed half a mile, 
though cumulus clouds sometimes attain a thickness of nearly four 
miles. Several cloud masses often overlie one another with clear 
apace between. This arrangement has been observed in balloon 



Cloud Shadows. — In a hazy atmosphere the shadows of clouda 
are frequently distinelly shown by dark lines proceeding from the 
8un. When these lines of light and shadow extend downward and 
toward rivers or other bodies of water, the sun ia popularly said to 
be " drawing water." The same eflTect is frequently seen just before 
and after sunset and also at sunrise, being a conspicuous feature of 
morning and evening twilight. 

Cloud Formation. — Clouds may result from reduction of tem- 
perature due to loss of heat by the air, — 

(1) From direct radiation into the upper space. 
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(2) From proximity to colder masses, such as ice-fields or moun- 
tain-tops. 

(3) From expansion due to diminished pressure, as when the air 
from any cause is made to ascend. 

(4) From contact or partial mixture of two masses of air at 
different temperatures. 

Rain. — When the condensation of the aqueous vapor takes place 
with such rapidity that the liquid particles enlarge and fall to the 
earth in drops, we have the phenomenon of rain. The causes 
which produce clouds tend also to produce rain, but only the third 
of the above causes is sufficient ; the others are believed never to 
result in rain. 

Any of the agencies, then, which cause a sufficient ascent of 
moist air will produce rain. The most evident illustration of this 
fact is seen wherever vapor-bearing winds blow over high moun- 
tains. The trade-winds deflected upward by the Andes give the 
heavy rainfalls at the head-waters of the Amazon. The coast 
ranges of Washington Territory and Oregon, lifting up the prevail- 
ing winds from the Pacific, give the heavy rains of that region. 
The greatest average rainfall of the known world is at Chirra 
Poongee, in the Cassya Mountains, about three hundred miles north 
of the head of the Bay of Bengal. The rainfall at this place, ac- 
cording to General Greely, has averaged 493.2 inches per year since 
1871 : in 1861 there is said to have fallen there the enormous amount 
of 905.1 inches. The cause of this heavy fall is the passage of the 
winds of the Indian monsoon over the lofty ranges which are part 
of the Hi mala va svstem. 

It is not believed that currents of air ever mingle with sufficient 
rapidity to produce rain« but it is probable that a moisture-bearing 
stratum may be lifted upward by the intrusion of a colder, denser 
layer below, and thus produce rain. When such an atmospheric 
wedge pn>trudee from the north over the eastern part of the United 
States, especially in mild winter weather, we have, according to 
Prof. FerreK an explanation of the drizzly weather with a north- 
northeast wind, sometimes lasting for several days. At other times 
such conditions j^ive the cdd tcares alreadv mentioned. 

Cyclonic Rains. — These are the rains which accompany the 
great oyolonie or low-area storms already mentioned, and are the 
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UBual I'ains which prevail is this conntry east of the great plains. 
They are due to the ascent of the air in the cyclones as already de- ] 
scribed. 

The observations of these rain areas show them to be generally ' 
of an elliptical form, as is the case with isobars * of the cyclone, but 
the rain areas coincide only roughly and in a general way with the 
areas of barometric depression, for the condensed vapor is generally, 
in part at least, carried beyond the low area by the outflowing air 
before it can fall as rain. Prom Prof. Loomis's extended studies, , 
these areas are seen to approximate to an ellipse, the major axi 
which is about twice as long as the minor, the lesser axis frequently 
being reiore than five hundred miles long. North of 36° the average 
distance of the centre of the greatest rainfall is about four hundred 
miles from the centre of low pressure, and at times nearly twice 
as far. The direction of the longer axis of the rain area and the 
direction of the centre of greatest rainfall from the centre of low 
pressure are generally the same as the direction of the path of the 
cyclone and of the longer axis of the low-pressure area. 

Although rains usually accompany cyclonic storms, some, as al- I 
ready stated, have been observed without them. On the other hand, ^ 
while rain areas are usually areas of low barometer, it is not always 
BO. Rains may occur without sensible depression of the barometer. 
If the whole atmosphere of an extended region is nearly saturated 
and near to the unstable condition, local causes may give rise to 
ascending currents, with the production of clouds and rain without 
sensible depression of the barometer. Such an atmosphere in pass- 
ing over the land, especially during warm weather, is subjected to a 
variety of temperature conditions due to the varying nature of the I 
earth's surface, and is likely to produce showery weather. 

The northern trade-winds.upon striking the table-lands of Mexico, 
are deflected around over the Gulf of Mexico and the Southern 
States and eventually join the southwest winds of the temperate 
regions; and, according to Ferrel, it is to these winds that nearly 
&II of the rain which falls in the United States east of the hun- 
dredth meridian is due. 

Measurement of Rainfall. — This measurement is made by 



it whioh the barometric 
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determining the depth in inches to which the rain which falls on 
any area would cover that area. The time for which this record is 
kept determines the fall for that period. The instrument used for 
determining the fall is called a rain-gauge, and may consist of a 
plain cylindrical cup or any other vessel from which the depth of 
water which falls on any given area may be measured. The gauge 
should be so placed as to be entirely uninfluenced by other bodies, 
in a large open space with the upper surface a foot or two above 
the ground. 

Rainfall of the United States.— The rainfall of the United 
States, as taken from the excellent chart of Prof. Loomis, may be 
summarized as follows : 

Over the whole area east of the hundredth meridian there is 
less than 50 inches and more than 25, excepting South Carolina, 
Georgia, and the Gulf States, which have more than 50 and less 
than 75. Between the hundredth and hundred and twentieth 
meridian less than 25 and more than 10, except a strip about two 
hundred and seventy-five miles wide extending from Salt Liake to 
the Gulf of California, which has less than 10 inches. West of the 
hundred and twentieth meridian there is more than 25 and less than 
50 inches, except in Northern Oregon and in Washington Territory, 
where there is more than 50 inches. 

Dry Regions of the Globe. — There are large tracts of the 
earth's surface over which very little rain falls. This is due partly 
to the localization of the areas in the interior of continents or on 
the leeward sides of mountains, so that the air is deprived of all 
moisture before reaching them. Such are the Great Desert of 
Sahara, large portions of Arabia and Persia, the desert of Gobi in 
Asia, Central Australia, Western South America, and the southern 
portion of our own country between the Kocky Mountains and the 
Sierras. Besides their continental location some of these areas are 
materially influenced by their positions with reference to the gen- 
eral circulation of the air. 

It has been seen that there are two belts of high barometer 
which encircle the earth near the tropics, and that the air settling 
down from them flows outward both toward the poles and toward 
the equator, the latter current helping to form the trade-winds. 
With descending motion and direction toward a warmer region 
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there would be no tendency to condensation, but the reverse. 
Where the regularity of the trade-winds is not interfered with, we 
should expect little rainfall, and such is found to be the case at sea. 
The same influences are felt to a certain extent over the land. By 
an inspection of a map it will be seen that the Desert of Sahara, the 
dry regions of Arabia, Persia, and our own country are between the 
fifteenth and fortieth parallels in the northern hemisphere, while the 
dry region of Southern Africa, of Australia, and a large part of that 
of South America are between the same parallels in the southern 
hemisphere. 

Snovr, Sleet, and Hail. — Snow, — The conditions which pro- 
duce the rain-storms will precipitate snow when the level at which 
condensation takes place is at a sufficiently low temperature. Where 
the temperature does not sink below 32° F., snow cannot form. It 
is believed that snow is formed by the direct passage of vapor into 
the solid state, the minute crystals attaching themselves together 
into flakes. More than a thousand diflferent forms of flakes have 
been observed, most of them being of great delicacy and beauty. 
From the loose texture of snow and because of the air imprisoned 
in the flakes, it is an extremely good non-conductor of heat, and 
protects the earth's surface from the cold due to its own radiation. 

Sleet — This term is often applied to small imperfect spheres of 
snowy ice, frequently mingled with rain, which sometimes fall to 
the earth. These are believed to be due to the partial melting and 
regelation of snow-flakes during their passage through strata of 
higher temperature. 

Hail, — In the gyratory motions which constitute cyclones and 
tornadoes, we have seen that there is sufficient energy developed 
in the former to carry the rain up and outward beyond the region 
of ascending currents before it falls to the earth ; in the tornadoes 
much heavier bodies are kept aloft. It is the development of strong 
ascending currents in storms which explains the phenomenon of 
hail precipitation. If the hail be no larger than rain-drops, it is 
only necessary to conceive that the liquid drops were carried up 
into a freezing temperature, and then outward until the ascending 
currents no longer supported them, when they fall to the earth. 

But frequently hailstones have fallen that were very large, some 

as much as five inches in diameter, and weighing nearly two pounds. 

These largest stones frequently have a bunch of snow at the centre, 

11 



154 ELEMENTARY LESSONS IN HEAT. 

and are made up of alternate concentric layers of ice and snow. 
The only satisfactory explanation known to me in these cases is 
that of Prof Ferrel, which may be briefly outlined as follows : The 
strong ascending currents of the hail-storm carry the rain-drops up 
into the snow region, and before they freeze they moisten the snow- 
flakes J these adhere, forming an incipient snow-ball. This ball is 
then carried upward and out from the vortex of the storm and 
begins to descend, but before reaching the earth it is drawn by the 
inblowing currents below again into the ascending whirl and carried 
up to receive another coating of snow and perhaps subjected to a 
very low temperature. Descending again, as it passes outward from 
above it passes through a rain region, and, owing to its reduced tem- 
perature, it freezes the particles with which it comes in contact 
and thus receives a coating of ice. It may be again and several 
times drawn into the whirl, and repeat the circuit until it grows, 
by the alternate layers of ice and snow, too heavy to be kept up 
and falls to the earth. A hail-storm differs from a common tornado 
in that its ascending currents are sufficiently strong to carry the 
solid particles up to freezing regions.* Hail usually occurs in sum- 
mer, because the conditions for violent tornadoes are more frequent 
then, and because the freezing altitude in winter is so low that the 
necessary rain region does not exist below the snow, the passage 
through which gives the ice layer. 

Dew. — The deposition of dew depends upon cooling caused by 
radiation. As soon as the sun passes below the horizon, the radia- 
tion of heat from the dark portion of the earth's surface is no 
longer compensated by solar rays and it is steadily reduced in tem- 
perature. The air immediately above has its temperature reduced 
by contact with the cool surface, and, if this reduction reaches the 
dew-point of the air, the moisture is deposited, and gravity and the 
force of cohesion collect it into the pearly drops which sparkle in 
the morning sun. If there be clouds, foliage, or screens of any sort 
that partially or wholly intercept the radiant heat and return it to 
the earth, they will tend to and may prevent the formation of dew 
by preventing a sufficient reduction of temperature. 

Those bodies, such as grass, leaves, etc., which radiate heat well 
but are not warmed by contact with the earth, collect the moisture 
more readily and abundantly than equally good radiators, such as 
stone and metal when in contact with the earth. A gentle motion 
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of the air by which a greater amount of it is brought into contact 
with the cool earth favors the deposition of dew, but stronger winds, 
which continually shift the air before any of it is reduced in tem- 
perature to the dew-point, prevent the deposition. The air itself 
does not radiate heat as readily as the bodies named, so that by its 
own radiation the air does not cool as rapidly as by contact with 
the earth and other better radiators. The deposition of moisture 
on the outside of a glass of ice- water or other cool surface when 
taken into a warm room is due to the cooling of the air to the dew- 
point, exactly as is done by the earth at night. 

The result of this is that there is frequently a difference of sev- 
eral degrees in temperature between the earth's surface and the air 
a few feet above. Consideration of the principles here enunciated 
is of great practical importance in determining the best places for 
selecting camps in the field. 

This explanation of the formation of dew is that first given in 
1814 by Dr. Wells, an American residing at the time in London. 

lYost — If the dew-point of the air be below the freezing point, 
the vapor will be condensed as ice and then constitutes hoar-frost. 
Deposited dew may also be frozen, and thus often forms part of the 
earth's mantle of frost. 
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